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FOREWORD 


In  March  1958  the  First  Annual  Miniaturization  Award,  sponsored  by 
Miniature  Precision  Bearings,  Inc.,  was  presented  to  the  Diamond  Ordnance  Fuze 
Laboratories  (DOFL)  in  recognition  of  the  development  and  application  of  a  photo¬ 
lithographic  translator  by  a  group  of  its  technical  personnel  comprising  Edith  M. 
Davies,  Norman  J.  Doctor,  Jay  W.  Lathrop,  James  R.  Nall,  and  Thomas  A. 
Prugh. 

Following  that  time,  the  requests  by  both  military  and  industrial  engi¬ 
neers  for  information  in  respect  to  this  and  other  developments  in  the  general 
field  of  microminiaturization  of  electronic  assemblies  increased  to  the  point 
where  it  appeared  that  an  Instructional- type  Symposium  would  meet  a  real  need. 

The  Chief  of  Ordnance  approved  such  a  Symposium.  Philip  J.  Franklin, 

Chief,  Materials  Branch,  DOFL,  was  appointed  Chairman  of  the  Symposium  and 
unclassified  papers  were  solicited  from  the  Army,  Navy,  and  Air  Force. 

The  Symposium  was  held  at  DOFL  on  30  September  and  1  October  1958. 

The  Chairman  introduced  Lt.  Col.  John  A.  Ulrich,  Commanding  officer. 

Diamond  Ordnance  Fuze  Laboratories,  who  described  the  "Status  of  Micro¬ 
miniaturization".  Col.  H.  ivjcD.  Brown,  Commanding  Officer,  U.  S.  Army 
Signal  Research  and  Development  Laboratory,  then  discussed  "Future  Demands 
on  Microminiaturization  in  Military  Electronics". 

\ 

Twenty-one  technical  papers  were  presented  In  four  sessions:  Session  1  - 
Techniques,  moderator  Thomas  A.  Prugh,  DOFL;  Session  2  -  Component  parts  I, 
Moderator  A.  W.  Rogers,  U.  S.  Army  Signal  Research  and  Development 
Laboratory;  Session  3  -  Component  Parts  II,  moderator  Norman  J.  Doctor, 

DOFL;  and  Session  4  -  Syntems  and  CircultB,  moderator  Harold  M.  Nordenberg, 
Bureau  of  Ships.  ^ 

On  the  evening  of  the  first  day  of  the  Symposium  a  dinner  was  held  at 
The  Broadmoor,  following  which  Dr.  William  H.  Martin,  Director  of  Research 
and  Development,  Office  of  the  Secretary  of  the  Army,  gave  an  address  enti¬ 
tled  "Cutting  the  Lead  Time'  .  At  the  close  of  the  Symposium,  attendees  were 
conducted  on  a  tour  of  the  Materials,  Micro-Systems  and  Electron  Devices 
Branches  of  DOFL. 

There  are  included  herein  the  twenty-one  papers  which  were  presented 
at  the  Symposium.  The  Introductory  speeches,  and  the  discussion  from  the 
floor,  are  not  included  and  will  not  be  publisher,  separately. 

These  twenty-one  papers  will  be  published  in  a  special  issue  of  ELECTRONIC 
DESIGN  and  copies  imy  be  purchased  from  that  periodical,  address:  Hayden 
Publishing  Co.  ,  Inc.,  830  Third  Avenue,  New  York  22,  New  York,  Attention: 

L.  D.  Shergali8,  Associate  Editor. 


PHILIP  ft  FRANKLIN 
Chairman 

Symposium  on  Microminiaturization 
of  Electronic  Assemblies 
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MINIATURE  INCANDESCENT  INDICATOR  IAMPS 


Donald  J.  Belknap  and  Lloyd  R.  Crump 
Diamond  Ordnance  Fuze  Laboratories,  Washington  25,  D.  C. 

Very  small  incandescent  indicator  lamps  have  been  developed  which  will  operate  on 
the  limited  currents  available  in  many  miniaturized  translator  circuits.  Two  types 
have  been  constructed  having  identical  filamonts  and  operating  characteristics: 

(1)  a  miniature  type  having  a  glass  bulb  0.200  inch  long  and  0.135  inch  in  diameter 
with  the  leads  projecting  from  the  base,  and  (2)  a  microminiature  type  having  a 
sealed  glass  tube  0.100  inch  long  and  0.035  inch  in  diameter  with  one  lead  projecting 
from  each  end.  When  operating  at  1  volt  and  35  mllllarnpareg  of  current  these  lamps 
produce  a  light  easily  visible  from  any  point  in  a  normally  lighted  room.  Raising 
the  potential  to  1-1/2  volts  increases  ths  current  to  about  40  milliamperes  and  pro¬ 
duces  a  very  bright,  and  a  very  small  source  of  illumination.  Throughout  the  normal 
range  of  operation  these  lamp  currents  are  well  below  the  upper  limit  of  about  50 
milliamperes  available  in  miniaturized  transistor  circuits  currently  under  develop¬ 
ment  in  these  laboratories.  Operational  characteristics  and  construction  details 
are  discussed. 


Introduction 

With  the  recant  trend  toward  microminiaturiza¬ 
tion  a  need  has  arisen  for  a  small  indicator  lamp 
which  will  operate  on  the  limited  currents  avail¬ 
able  in  many  miniaturized  circuits.  This  need  has 
been  emphasized  by  the  recent  techniques  developed 
within  DOFL  for  incorporating  transistors  along 
with  printed  circuit  components  on  small  ceramic 
wafers.  Light  indicators  have  not  been  available 
which  are  compatible  in  size  with  these  miniatur¬ 
ized  circuits  and  which  will  operate  on  the  pcrwBr 
available. 

Two  small  incandescent  lamps  shown  in  Fig.  1 
have  been  developed  to  meet  this  need.  The  minia¬ 
ture  type  shown  at  the  right  of  the  l/2  inch 
square  ceramic  wafer  and  the  microminiature  type 
shown  at  the  left  contain  identical  tungsten  fila¬ 
ments  and  have  essentially  the  same  operating 
characteristics;  the  main  differences  are  in  the 
envelope  and  in  the  methods  used  in  sealing. 

Operational  Characteristics 

These  lamps  have  been  designed  to  operate  in 
the  range  of  1  to  1-1/2  volts  and  to  draw  cur¬ 
rents  of  the  order  of  35  to  40  milliamperes. 

Fig.  2  shows  a  current  versus  voltage  plot  of  a 
typical  lamp  and  also  gives  the  color  temperature 
in  the  region  in  which  the  lamp  would  normally  be 
operated.  The  light  from  the  lamp  operating  at  1 
voit  and  35  milliamperea  of  current  is  sufficient¬ 
ly  bright  to  be  easily  visible  from  any  point  in  a 
normal ly  lighted  room.  For  other  purposes,  such 
as  use  of  the  lamp  for  a  very  small  source  of  il¬ 
lumination,  the  filament  can  be  operated  at  higher 
temperatures  to  give  greatly  increased  light  in¬ 
tensity. 

Additional  information  concerning  operation  of 
this  microminiature  lamp  as  a  light  indicator  is 
given  in  Fig.  3*  The  upper  trace  shows  potential 
as  a  function  of  time  for  a  25  cycle/sec,  1.5  volt 
square-wave  used  to  switch  the  lamp  on  and  off.  A 
photomultiplier  tube  was  placed  close  to  the  lamp 
and  the  combination  enclosed  in  a  nearly  light¬ 
tight  container  in  order  to  exclude  room  light.  A 
dual  bean  oscilloscope  was  used  to  permit  direct 
comparison  of  the  output  of  the  photomultiplier 
tube  with  the  corresponding  voltage  across  the 


Figure  1.  The  two  typea  of  miniature  indicator 
lamps  compared  with  a  1/2  inch  square  ceramic  wa¬ 
fer  containing  a  printed  circuit. 


Figure  2.  Current,  versus  voltage  cf  a  typical 
miniature  iam.p  with  approximate  color  temperatures 
giver,  in  the  range  of  normal  operation. 
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Figure  3.  Experimental  data  on  lamp  operation  as 
a  light  indicator. 


lamp.  The  lamp  brightness  indicated  by  the  photo¬ 
multiplier  tube  is  show  in  the  center  trace  of 
the  figure.  The  bottom  trace  shows  the  current 
simultaneously  flowing  through  the  lamp. 


It  is  evident  from  the  center  trace  that  the 
rise  time  of  the  light  output  is  somewhat  shorter 
then  the  decay  time.  The  upper  limit  of  frequency 
at  wliich  the  light  will  go  completely  on  and  com¬ 
pletely  out  is  about  100  cycles/sec.  As  the  fre¬ 
quency  is  raised  to  successively  higher  values  the 
light  output  continues  to  be  modulated,  but  the 
difference  between  minimum  and  maximum  brightness 
becomes  successively  smaller.  The  peak  current 
indicated  in  the  bottom  trace  will  not  in  general 
be  as  high  as  the  value  given  by  the  ratio  of 
steady-state  lamp  voltage  to  cold  filament  resist¬ 
ance.  This  is  because  any  electrical  circuit,  in 
practice,  contains  at  least  a  small  amount  of  in¬ 
ductance  which  prevents  an  applied  voltage  from 
appearing  instantaneously  across  the  lamp. 


Construction  Details 

The  filaments  of  those  lamps  are  made  of 
0 .00033-inch  tungsten  wire  wound  on  a  0.002-inch 
mandrel.  Fifteen  and  twenty  tume  have  -.lonnally 
been  wound,  although  filaments  with  fewer  turns 
and  one  with  sixty  turns  have  also  been  tested  ir. 
experimental  lamps. 

The  general  shape  of  the  larger  lamps,  which 


were  constructed  first,  can  be  sesn  from  the  sam¬ 
ple  lamp  shown  at  the  right  in  Fig.  1.  Each  of 
these  lamps  has  a  length  of  about  0.200  inch  and  a 
diameter  of  about  0.135  inch.  In  constructing  a 
lamp  of  this  type,  the  envelope  is  first  blown 
from  pyrex  glass.  A  bead,  also  of  pyrex  glass,  is 
formed  with  the  two  kovar  lead  wiree  passing 
through  it.  After  the  filament  is  spot  welded  in 
position,  titanium  hydride  is  painted  on  those 
surface  areas  of  the  bead  and  envelope  which  are 
to  be  sealed  together.  The  assembled  lamp  is  then 
placed  in  a  carbon  crucible  which  ie  surrounded  by 
a  metal  container.  The  metal  container  with  its 
contents  is  placed  in  a  bell  jar  and  after  evacua¬ 
tion  is  heated  by  means  of  an  rf  induction  coil 
surrounding  the  bell  jar.  When  a  sufficiently 
high  temperature  is  reached,  a  small  piece  of  lead 
previously  placsd  in  contact  with  a  painted  area 
of  the  bead  melts  and  flows  along  all  of  ths 
painted  areas,  making  a  solid  lead  bond  between 
the  bead  and  base  of  the  glass  envelope.  This 
procedure  has  produced  very  good  vacuum-tight 
seals. 

Fig.  A  shows  schematically  the  construction  de¬ 
tails  of  the  smaller  lamps.  Half -inch  lengths  of 
0.005  inch  platinum  wire  which  are  to  form  the 
lamp  leads  are  first  flattened  for  a  short  dis¬ 
tance  at  one  end.  Glass  beads  are  formed  on  the 
leads  by  sliding  small  bushings  up  against  the 
flattened  ends  and  heating  in  a  small  flame.  The 
flattened  ends  of  the  platinum  leads  are  then  bent 
back  to  form  hooka  for  the  attachment  of  the  very 
small  filament  wire.  The  glass  sleeve,  0,035  inch 
in  outside  diameter  and  0.100  inch  in  length, 
which  is  to  be  positioned  over  the  beads  to  form 
the  major  portion  of  the  lamp  envelope,  has  the 
edges  of  one  end  turned  in  very  slightly  by  heat¬ 
ing  the  end  at  the  edge  of  a  small  flame.  This 
will  permit  the  lamp  to  be  sealed  later  in  a  ver¬ 
tical  position  with  the  glass  sleeve  hanging  from 
the  upper  bead.  The  parts  of  the  lamp  are  then 
assembled  in  a  jig.  With  the  glass  sleeve  slid  to 
one  side,  the  ends  of  the  filament  are  placed  in 
the  hooks  at  the  ends  of  the  platinum  leads,  and 
these  hooks  are  closed  by  pinching.  Several  spot, 
welding  methods  of  attaching  the  very  small  fila¬ 
ment  wire  to  the  platinum  leads  were  tried  on  ear¬ 
ly  lamps  and  found  to  be  less  satisfactory.  After 
attachment  of  the  filament  an  alignment  of  the 
part?  is  made  including  suitable  spacing  of  the 
platinum  leads  to  produce  a  small  separation  be¬ 
tween  turns  of  the  filament. 

FILAMENT-20  TURNS  OF 

LEAD  SLASS  0.00033"  TUNGSTEN  WIRE 


Figure  A.  Construction  details  of  the  smaller 
lamp. 
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Heating  coils  of  about  0.080  inch  inside  dia¬ 
meter  wound  from  0.009  inch  tungsten  wire  and  hav¬ 
ing  7  turns  are  positioned  around  each  end  of  the 
assembled  lamp.  The  jig  containing  the  lamp  and 
heating  coils  is  then  placed  in  a  vertical  posi¬ 
tion  in  a  small  bell  jar,  which  is  pumped  out.  to  a 
vacuum  of  about  5 HO' 5  mm  Hg.  The  voltage  across 
the  two  heating  coils,  which  are  connected  in  ser¬ 
ies,  is  controlled  with  a  variac.  To  correct  for 
differences  in  the  rate  at  which  the  two  ends  of 
the  lamp  seal,  the  relative  heat  intensity  of  the 
two  coils  is  controlled  by  using  a  slide  wire 
rheostat  connected  across  the  two  coils  with  the 
slide  connected  to  a  point  between  the  coils.  Ob¬ 
servation  of  the  sealing  process  through  a  stereo¬ 
scopic  microscope  aids  in  controlling  the  heat 
while  the  ends  of  lamp  aro  being  fused. 

Indications  are  that  these  lamps  will  have  very 
long  lifetimes,  particularly  when  operated  at  the 
relatively  low  filament  temperatures  adequate  for 
satisfactory  performance  as  light  indicators.  Ac¬ 
tual  life  tests  under  various  types  of  operation 
have  not  yet  been  made.  Over  a  period  of  about 
three  months,  however,  several  lamps  of  both  types 
have  been  operated  at  frequent  intervals  as  demon¬ 
stration  items.  Lamps  have  also  been  subjected  to 
voltages  somewhat  higher  than  normal,  during  tests 
to  determine  electrical  and  temperature  character¬ 
istics.  The  only  lamp  to  burn  out  was  one  of  the 
first  ones  constructed  which  was  operated  continu¬ 
ously  for  two  months  in  a  repeated  cycle  of  one 
second  on  and  one  second  off. 

As  a  consequence  of  their  small  physical  size. 


these  lamps  also  appear  to  be  very  rugged,  al¬ 
though  again,  controlled  tests  have  not  yet  been 
carried  out.  Lamps  informally  tested  by  dropping 
several  times  onto  the  laboratory  floor  frem  a 
height  of  about  six  feet  have  suffered  no  notice¬ 
able  damage. 

Conclusion 

These  experimental  lamps  satisfactorily  meet 
the  requirements  of  the  transistorized  circuits 
for  which  they  were  originally  designed  as  light 
indicators.  The  requirements  were  (1)  very  small 
physical  size,  (2)  operation  on  about  1.3  volts, 

( 3)  a  steady-state  current  drain  of  less  than  50 
milliamperes  and  Ik)  reasonably  rapid  on-off  cy¬ 
cling  time.  Ruggedness  and  long  life  were  also 
desired  and  although  test3  on  these  qualities  have 
not  yet  been  made  it  is  expected  that  they  will 
present  no  great  problem.  By  suitably  changing 
the  size  of  the  filament  wire  and  the  number  of 
turns,  it  is  possible  to  design  lamps  of  similar 
geometry  to  meet  different  voltage  and  current  re¬ 
quirements.  Undoubtedly  many  other  applications 
exist  in  which  these  lamps  will  also  prove  useful. 
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THE  APPLICATION  0?  VACUUM  EVAPORATION  TECHNIQUES  TO  MICROMINIATURIZATION 


L.  Harold  Bullia  and  William  E.  Isler 
Diamond  Ordnance  Fuze  Laboratories,  Washington  25,  D.  C. 

Techniques  of  vacuum  evaporation,  and  a  general  survey  of  the  application  of 
these  techniques  to  the  microminiaturization  of  components  and  printed  circuits, 
are  discussed  together  with  some  of  the  problems  encountered  in  such  work.  Progress 
in  this  area  at  the  Diamond  Ordnance  Fuze  Laboratories  is  described  with  emphasis 
on  vacuum  deposited  silicon  monoxide  capacitors.  Capacitors  having  dielectric 
thicknesses  varying  from  0.46  to  2.23  microns  have  been  prepared.  Capacitance  per 
unit  area  was  found  to  be  0.0019  to  0.0099pf  per  cm,  breakdown  strength  1.1  to 
3.5  kilovolts  per  mil,  d.c.  insulation  resistance  greater  than  10,000  megohms, 
and  dielectric  loss  less  than  1%.  The  average  dielectric  constant  was  six.  Pre¬ 
liminary  work  concerning  the  vacuum  evaporation  of  fused  silica  for  capacitor  di¬ 
electrics  is  discussed.  An  indication  of  some  developments  which  may  be  antici¬ 
pated  in  the  future  is  also  included. 


INTRODUCTION 

In  an  attempt  to  obtain  maximum  circuit  per¬ 
formance  for  minimum  circuit  volume,  increasing 
emphasis  is  now  being  placed  upon  the  use  of 
electronic  assemblies  containing  the  smallest 
possible  components  supported  by  the  thinnest 
possible  wafers(I).  A  logical  extension  of  this 
trend  involves  the  reduction  of  components  to 
essentially  two-dimensional  thir.  films  supported 
by  extremely  thin  substrates.  Such  assemblies, 
when  stacked,  would  produce  units  having  a  very 
large  number  of  components  per  unit  volume. 

One  of  the  most  effective  methods  of  produc¬ 
ing  thin  films  of  a  large  variety  of  materials 
is  that  of  high  vacuum  evaporation.  It  is  not 
difficult  to  visualize  the  use  of  this  technique 
for  the  production  of  complete  electronic  cir¬ 
cuits,  and  the  formation  of  such  circuits  is  one 
of  the  ultimate  objectives  of  the  vacuum  evapora¬ 
tion  program  of  the  Diamond  Ordnance  Fuze  Labora¬ 
tories  (D0FL) .  This  paper  is  chiefly  concerned 
with  some  aspects  of  this  program  and  with  point¬ 
ing  out  some  of  the  ways  in  which  vacuum  evapora¬ 
tion  techniques  can  be  of  v-.lv  .n  microminiatur¬ 
ization. 

VACUUM  EVAPORATION  TECHNIQUES 

Vacuum  evaporation  involves  heating  a  material 
in  vacuum  to  such  a  temperature  that  a  vapor 
pressure  of  at  least  10" 2  mm  Hg  is  obtained. 

This  value  of  vapor  pressure  was  found  to  give 
a  practical  rate  of  vaporization  for  aluminum'2^ 

It  is  generally  taken  as  a  minimum  value  for  the 
vaporization  of  most  materials,  whether  metallic 
or  iielectric.  Table  I  compares  the  melting 
temperatures  of  some  materials  cf  Interest  in 
vacuum  evaporation'  “'with  the  tciuperatures  re¬ 
quired  to  obtain  this  value  of  vapor  pressure  for 
the  same  materials. 

A  typicau  arrangement  for  vacuum  evaporation 
is  shown  schematically  in  Figure  1.  Large  cur¬ 
rents  of  the  order  cf  hundreds  of  amperes  are 
passed  through  low- resi stance  bus  bars,  labeled 
(a)  in  the  figure-  Connected  between  the  bus 
bars  is  a  high-resistar.ce  filament  (b)  contain¬ 
ing  the  material  to  be  vaporized  (c),  the  charge. 
The  filament  becomes  extremely  hot  and  vaporizes 
the  charge  which  then  travels  ir.  straight  atomic 


Table  I.  Comparison  cf  melting- point  tempera¬ 
tures  of  some  materials  with  temperatures 
required  for  a  vapor  preBBure  of  10-2  mm 
Hg.® 


Material 

Melting 

point, 

m  op 

Vapori¬ 
zation 
point, 
T..,  °0 

V  * 

Group  I,  Tv  >Tm: 

Aluminum  (Al) 

660 

996 

Gold  (Au) 

1063 

1465 

Fused  Bilica  (310  ) 

1610 

1725 

Group  TI,  Tv~ T^: 

Cryolite  (NajAlKp) 

1000 

1000 

Magnesium  fluoride 

1395 

1400 

(MgFP) 

Palladium  (Pd) 

1555 

1566 

Group  III,  Tv<Tm. 

Cadmium  (Cd) 

321 

264 

Silicon  monoxide  (3i0) 

>1250 

1250 

Cadmium  sulphide  (CdS) 

1750 

1380 

fa) 

'  '  See  reference  3. 


or  molecular  rays  until  it  condenses  upon  a 
suitably  placed  substrate  (d).  A  mask  (e)  is 
used  to  confine  the  deposit  to  the  geometrical 
pattern  desired.  If  the  charge  approximates  a 
point  source,  vapor  will  travel  equally  in  all 
directions  end  deposit  a  film  of  uniform  thick¬ 
ness  upon  a  spherical  subBtrate  (f)  having  the 
source  as  its  center. 

Materials  commonly  used  for  filaments  are  high- 
melting-point  metals  such  as  tantalum,  tungsten, 
and  molybdenum.  The  choice  of  a  suitable  fila¬ 
ment  material  is  governed  primarily  by  the 
temperature  tc  which  the  charge  must  be  heated, 
the  degree  to  which  the  charge  wet3  the  filament 
ar.d  the  prevention  cf  chemical  reaction  between 
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FI  ’•  •  Experimental  arrangement  for  vacuum 

evaporation. 

the  charge  and  filament  at  the  maximum  tempera¬ 
ture  used.  Filament  assemblies  vary  from  simple 
wires  and  conical  baskets  to  more  elaborate  con¬ 
figurations  such  aa  ceramic  crucibles  encircled 
by  metal  bands.  Since  the  typical  substrate  is 
flat,  rather  than  spherical,  the  largest  dimen¬ 
sion  of  the  substrate  must  be  small  compared  to 
the  distance  between  the  substrate  and  the  source 
if  a  film  of  uniform  thickness  is  desired. 

Cf  considerable  importance  in  vacuum  evapora¬ 
tion  work  is  the  measurement  and  the  control  of 
film  thickness,  ar.d  several  methods  are  available 
for  accomplishing  both  objectives.'4)  These  in¬ 
clude  the  use  of:  (a)  epeclal  mlcrobalcnces  of 
high  sensitivity,  (b)  the  interference  of  mono¬ 
chromatic  iight  transmitted  through  or  reflected 
from  a  thin  film,  (c)  the  absorption  or  polari¬ 
zation  of  iight  by  a  thin  film,  and  (d)  the 
change  in  a  specific  property  of  a  thin  film, 
such  aa  electrical  conductivity.  The  control 
aspect  is  typicilly  more  difficult  than  1b  meas¬ 
urement,  and  gold  control  in  general  requires 
the  performance  of  a  considerable  amount  of  pre- 
llnu  nary  exper! mental  work . 

STATUS  AND  PROBLEMS  IS  VACUUM  EVAPORATION 

There  are  at  least  three  different  ways  in 
which  the  use  of  vacuum-deposited  thin  films 
can  assist  ir.  reducing  circuit  volume.  First, 
it  is  possible  to  deposit  a  thin-fiim  component 
in  an  area  of  a  conventional  printed  circuit 
which  might  otherwise  be  wasted.  Second,  the 
geometry  of  the  thin  film  can  be  used  to  advan¬ 
tage.  For  exumple,  the  capacitance  of  a  capaci¬ 
tor  cf  given  area  can  be  increased  by  making  the 
dielectric  extremely  thin.  Third,  use  can  be 
made  of  the  inherent  properties  cf  thin  films. 

For  example  the  resistivity  of  many  thin  metal 
films  increase.;  as  the  film  thickness  decreases. 
The  second  and  third  items  are  likely  to  be  cf 


more  value  ir.  microminiaturization  than  the 
firBt  item. 

Considerable  work  has  already  been  done  in 
producing  components  by  vacuum  evaporation. 

Thus  far,  primary  emphasis  has  been  placed  upon 
the  development  of  thin-film  resistors.  This 
work  is  extensive  ar.d  no  attempt  will  be  mode 
to  review  it  here  beyond  citing  a  few  refer- 
ences(5>6,7)  Progress  has  been  sufficient  to 
enable  the  commercial  production  of  severa^  types 
of  pure-metal  thin-fiim  resistors. (8,9)  These 
resistors  are  small  by  comparison  with  wire- 
wound  resistors  of  similar  resistance  values  and 
characteristics.  Their  maximum  6ize  is  about 
2  inches  in  length  by  about  1/4  inch  in  diameter. 
They  have  low  residual  noise  level3,  high  stabil¬ 
ity,  excellent  temperature  coefficients,  and 
excellent  high-frequency  characteristics. 

Values  are  Halted  to  several  hundred  kilchms 
because  the  conductivity  of  pure  metal  fl'ms  is 
relatively  high  even  for  extremely  thin  films. 
Although  these  commercial  resistors  are  obvi¬ 
ously  too  large  for  use  in  micromir.ialure  cir¬ 
cuits,  their  desirable  properties  cor.  be  expected 
in  thin-fiim  resistors  deposited  directly  into 
suen  circuits. 

Experimental,  thin-fiim  capacitors  have  been 
produced  by  several  laboratories  in  the  United 
States  using  vacuum  evaporation  techniques. 

Thus  far  the  aost  promising  results  have  be^n 
achieved  uBir.g  dielectrics  of  silicon  oxide'-J<j/) 
and  aluminum  oxide. (12)  The  best  quoted  values^ 
not  necessarily  values  for  a  single  capacitor, 
show  a  capacitance  per  unit  area  of  approximately 
0.005af/cm2,  an  insulation  resistance  of  100  kilo- 
megohms,  and  a  loss  factor  of  leBS  than  one  per¬ 
cent.  ThuB  far,  however,  no  procedure  has  been 
developed  for  systematically  producing  low- loss, 
high-quality  capacitors.  The  work  to  date.  In¬ 
cluding  that  described  later  in  this  paper,  can 
best  be  said  to  have  demonstrated  the  feasibility 
of  forming  capacitors  by  vacuum  evaporation;  the 
improvement  and  adaptation  of  such  capacitors  to 
microminiature  circuits  are  problems  which  still 
require  solution. 

In  addition  to  reBi store  ar.d  capacitors,  sele¬ 
nium  rectifiers  are  now  being  "“de  by  vacuum 
evaporation  techniques.  Thin-fiim  inductors  and 
other  components  appear  entirely  feasible.  Since 
contacts  and  wiring  for  interconnecting  compo¬ 
nents  can  also  be  deposited,  1  t  thus  appears 
entirely  possible  to  deposit  complete  electronic 
circuits  in  which  the  wiring,  contacts,  and 
components  consist  of  thin  films.  Preliminary 
work  in  thi3  direction  is  being  conducted  at 
several  laboratories' -3)  as  well  as  at  DCFL. 

The  formation  cl'  complete  circuits  by  vacuum 
evaporation  at  present  involves  several  formid¬ 
able  difficulties.  One  such  difficulty  lies  ir. 
tr.e  fact  that  cr.ce  circuit  values  have  been 
determined,  components  must  be  aeposited  in 
the  circuit  within  the  tolerances  specified;  in 
general,  re  sorting,  selecting,  cr  trimming 
processes  are  possible.  Such  deposition  re¬ 
quires  great  precision  of  the  evaporation  process 
ar.d  hence  precise  control  throughout  the  entire 
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deposition  period  of  such  variables  as  pressure, 
temperature,  and  rate  of  charge-evaporation.  It 
appears  most  feasible  to  assign  a  calculated  area 
within  a  circuit  to  a  component  and  then  to 
obtain  the  exact  value  desired  by  varying  the 
thickness  of  the  component.  Such  a  procedure  re¬ 
quires  the  use  of  a  precision  monitoring  system 
to  enable  deposition  to  be  stopped  when  the 
desired  value  has  been  reached.  For  example, 
the  resistance  of  a  resistor  might  be  continu¬ 
ously  monitored  from  outside  the  vacuum  chamber 
as  the  resistor  formed.  Similarly,  the  thickness 
of  a  capacitor  dielectric  might  be  monitored  by 
light  reflected  either  from  the  capacitor  or, 
preferably,  from  a  dummy  plate  placed  at  a  con¬ 
venient  point  within  the  chamber.  In  the  latter 
case,  the  thickness  of  the  capacitor  dielectric 
would  be  calibrated  in  termfi  of  the  thickness  of 
the  film  deposited  on  the  dummy  plate. 

Another  difficulty  involves  the  successive 
deposition,  in  a  single  evacuation,  of  all  the 
varied  materials  required  for  a  given  circuit. 
Several  problems  are  likely  to  be  encountered. 
First,  at  least  or.e  filament  must  be  included 
in  the  vacuum  chamber  for  each  material  to  be 
evaporated.  If  contact  of  the  completed  circuit 
with  air  must  be  avoided,  an  additional  filament 
may  be  required  for  deposition  of  a  protective 
overcoating  on  the  circuit  prior  to  admission 
of  air  to  the  chamber.  Ideally,  each  filament 
must  he  centered  below  the  substrate  and,  fail¬ 
ing  the  use  of  a  multiple  cnamber,  such  arrange¬ 
ment  is,  of  course,  impossible.  Second,  some  of 
the  various  materials  to  be  evaporated  will  he.ve 
to  be  heated  to  extremely  high  temperatures  and, 
in  the  course  of  depositing  successive  layers  of 
different  materials,  the  high  source-temperatures 
might  damage  previously  deposited  elements  of 
the  circuit,  all  of  which  are  exposed  to  heat 
radiated  from  the  source.  Third,  multiple  evap¬ 
orations  make  necesoary  the  interchanging  and 
moving  of  masks  within  the  evacuated  chamber. 

The  mechanical  manipulation  of  such  masks  may  be 
very  complicated  when  small  areaB  and  intricate 
configurations  are  involved. 

Two  other  problems  are  worthy  of  mention. 

First,  extreme  cleanliness  is  necessary  in 
vacuum  evaporation  work  to  assure  adequate  ad¬ 
herence  of  the  deposited  layers  to  the  substrate 
and  to  each  other.  Gross  quantities  of  con¬ 
taminants  are  removed  from  a  substrate  by 
standard  cleaning  techniques  involving  various 
types  of  vpohec  ar.d  degreasing  solutions.  How¬ 
ever,  the  unavoidable  exposure  of  a  substrate  to 
air  between  the  final  cleaning  step  and  the 
evacuation  of  the  vacuum  chamber,  is  sufficient 
to  recontaminate  it.  It  is  thus  necessary  to 
subject  substrates  to  the  cleaning  effect  of  a 
low-pressure  glow-discharge  just  prior  to  film 
deposition.  Second,  not  even  the  glow-discharge 
treatment  is  sufficient  to  remove  from  a  substrate 
all  dust  partici.es,  some  of  which  may  produce 
pinholes  ir  the  vacuum-deposited  films.  Such 
pinholes,  depending  upon  their  location,  night 
ruin  a  particular  component  and  force  rejection 
of  a-n  entire  circuit.  Factors  other  than  the 
presence  of  duEt  or.  a  substrate  may  also  be 


responsible  for  pinholes.  Kc  explanation  as  yet 
advanced  has  adequately  accounted  for  the  forma¬ 
tion  of  pinholes,  nor  has  a  means  been  devised 
for  their  complete  elimination. 

VACUUM- DEPOSITED  CAPACITORS  MADE  AT  DOFL 

Initial  work  at  these  laboratories  involved 
the  formation  and  study  of  thin-film  capacitors 
having  vacuum-deposited  Bilicon  monoxide  as  the 
dielectric.  The  comparatively  wide  attention 
this  material  has  received  is  largely  due  to 
the  ease  with  which  it  can  be  evaporated  and 
the  availability  of  considerable  information 
concerning  it. (-4, 15,16)  Subsequently,  the 
work  was  extended  to  the  study  of  silicon  di¬ 
oxide  (fused  silica)  as  a  capacitor  dielectric. 

The  apparatus  used  is  shown  in  Figure  2.  It 


Figure  2.  Laboratory  vacuum  evaporator. 
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consists  ^ r  a  chamber  which  can  be  evacuated  by 
hlgh-sp»-i  n— ps,  a  central  control  panel,  ana 
two  low- voltage  high-current  power  supplies. 
Although  this  apparatus  was  built,  tc  order,  it 
can  be  considered  fairly  typical  of  experimental 
equipment  used  in  research  laboratories.  A 
close-up  view  of  the  baseplate  of  the  evacua¬ 
tion  chamber  and  fixtures  is  shown  in  Figure  3- 
A  filament  of  the  type  shown  between  the  two 
bus  tars  is  primarily  suitable  for  the  heating 
of  metals,  but  filaments  suitable  for  heating 
dielectric  materials  can  readily  be  substituted. 


Figure  3.  Baseplate  of  vacuum  evaporator. 


A.  Silicon  monoxide  dielectric 

Initially,  several  groups  of  capacitors 
were  made  by  depositing  three  successive  film- 
layers;  the  central  layer  was  silicon  monoxide, 
and  the  outer  layers  consisted  of  a  variety  of 
metals-  No  attempt  was  made  to  closely  control 
the  thicknesses  of  these  preliminary  units,  and 
several  were  discarded  after  inspection  for 
flaws  or  after  testing.  It  was  possible,  how¬ 


ever,  to  obtain  valueB  of  capacitance  per  unit 
area,  dissipation  factor,  direct -current  in¬ 
sulation  resistance,  dielectric  thickness,  di¬ 
electric  constant,  and  breakdown  strength  for 
many  of  the  capacitors;  average  values  arc 
given  in  Table  II.  In  addition  to  the  six 
electrode  metals  shown,  copper  was  also  used 
but  in  all  cases  films  of  it  peeled  away  from 
the  dielectric. 

Measured  values  of  capacitance  per  unit  area 
varied  from  C.0019  to  0.0099uf/cm^  for  dielec¬ 
tric  film  thicknesses  of  from  2.23  to  0.46 
microns,  respectively.  Calculated  values  of  di¬ 
electric  constant  varied  from  5  to  7  with  an 
average  value  of  6.  Minimum  dissipation 
xactor  was  o.9Jt,  and  maximum  direct-current 
resistance  was  in  excesB  cf  10,000  megohms. 

These  preliminary  data  confirm  those  described 
in  the  section  or.  "STATUS"  indicating  that  it 
should  be  possible  to  form  excellent  capacitors 
by  vacuum  evaporation. 

It  is  evident  from  the  data  for  dissipation 
factor  arid  dix-ecL-current  resistance  that  the 
best  capacitors  were  those  formed  with  electrode 
films  of  noble  metals.  Geld  is  to  be  particu¬ 
larly  recommended  for  thin-film  electrodes  be¬ 
cause  of  its  high  conductivity,  inertness  to 
oxidation,  ar.d  ease  of  deposition.  The  present 
data  are  too  limited,  however,  to  indicate 
whether  the  good  properties  of  these  capacitors 
were  principally  derived  from  the  use  of  noble- 
metal  electrodes  or  were  due  principally  to 
other  factors  such  as  dielectric  thickness. 
However,  as  might  be  expected,  there  does  appear 
to  be  a  tendency  for  insulation  resistance  to 
increase  and  dissipation  factor  to  decrease  with 
increasing  dielectric  film  thickness  regardless 
of  the  electrode  metal  used. 

As  shown  ir.  Figure  4,  voltage  breakdown 
strengths  varied  from  1.1  to  3.5  kilovolts  per 
mil  aB  dielectric  thickness  decreased  from 


'fable  IX.  Electrical  properties  of  thin-film  vacuum-deposited  sllicor.-aonoxide-dielectric  capacitors. 


Electrode 

metal 

Number  of 
eajsples 

Capacitance 
per  unit 
area, 
Pf/'cm* 

Dissipation 

factor, 

* 

Direct - 
current 
resistance, 
cegchns 

Dielectric 

thickness, 

Kicrons 

Dielectric 

constant 

Breakdown 

strength, 

kv/mil 

A« 

6 

0.0019 

0.9 

>10,000 

2.23 

5 

1.1 

Au 

2 

0.0031 

1.9 

>10,000 

1.62 

5 

1.9 

Mg 

10 

0.0060 

>  5.1 

- 

1.07 

7 

— 

Sn 

9 

0.0069 

2.5 

4,100 

0.92 

7 

3.3 

Zr. 

12 

0.0098 

4.3 

230 

0.47 

c 

3.5 

AL 

4 

0.0099 

3.9 

40 

0.46 

5 

--- 
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about  0.09  to  about  0.02  mil.  Additional  data 
would  be  necessary  to  establish  whether  a  maxi¬ 
mum  value  of  breakdown  strength  is  being 
approached  at  a  dielectric  thickness  of  approxi¬ 
mately  0.02  mil. 


Figure  4. 


DIELECTRIC  THICKNESS,  MILS 

Apparent  dielectric  strength  of 
silicon  monoxide  films  as  a  function 
of  film  thickness. 


The  breakdown  strength  discussed  above  re¬ 
quires  further  explanation  since  the  capacitors 
produced  did  not  consist  of  perfect  filraB  but 
rather  of  films  containing  minute  pinholes.  The 
pinholes  in  the  dielectric  film  sometimes  became 
filled  with  metal  when  the  counter  electrode  was 
applied,  thereby  shorting  the  capacitors.  Such 
shorts  are  analogous  to  these  found  in  metallized 
paper  capacitors.'17'  They  were  removed,  and 
hence  the  capacitors  cleared,  by  sending  energy 
pul3es  through  the  capacitors.  This  process  re¬ 
quired  careful  control  to  prevent  damage  to  a 
capacitor  by  a  pulse  of  excessive  energy.  The 
result  of  an  optimum  energy  pulse  is  shown  in 
Figure  5a;  the  shorting  material  was  removed 
with  virtually  no  disturbance  of  the  surrounding 
areas.  The  result  of  an  excessive  energy  pulse 
is  shown  in  Figure  5b;  a  crater-like  effect  was 
obtained  as  a  result  of  the  explosiveness  of  the 
clearing  action  which  destroyed  the  surrounding 
area  and  deposited  debris  over  the  capacitor 
surface.  Complete  breakdown  of  the  capacitor  is 
shown  in  Figure  5c. 

B.  Silicon  dioxide  dielectric 

The  dielectric  breakdown  strength  of  fused 
silica  giver.  as  15,000  volts  per  mil  in  l/8  inch 
sheets^1-®'  is  among  the  highest  known.  The  use 
of  this  material  as  a  capacitor  dielectric  at 
normal  temperatures  should,  therefore,  permit 
excellent  voltage  ratings  for  thin-film  capaci¬ 
tors.  The  stability  of  fused  silica  under 
normal  conditions  should  result  in  additional 
desirable  capacitor  characteristics. 


a.  Constructive  clearing. 


b.  Destructive  clearing. 


c .  Complete  breakdown . 


Figure  5.  Behavior  of  siliccr.-mor.oxide-dielectrlc 
capacitors  when  subjected  to  pm  sea  of 
increasing  energy,  X33. 
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The  vacuum  evaporation  of  fused  silica,  how¬ 
ever,  is  difficult  for  several  reasons.  First, 
silica  is  extremely  difficult  tc  heat  in  vacuum 
because  it  absorbs  little  radiant  energy. 'i3’ 
Second,  it  must  be  heated  to  a  temperature  in 
excess  of  1700°C.(2®'  Third,  it  decomposes 
readily  under  the  conditions  usually  encountered 
in  vacuum  evaporation. (21J  Several  techniques 
have  been  suggested  for  circumventing  these 
difficulties  but  all  have  undesirable  features. 
One  such  technique  involves  the  deposition  of 
silicon  monoxide  followed  by  conversion  to  the 
dioxidei^’  Unfortunately,  such  conversion,  for 
films  of  appreciable  thickness,  requires  a  pro¬ 
longed  high-temperature  oxidationi^S)  which 
could  impose  severe  limitations  upon  any  other 
circuit  elements  present.  Another  technique  in¬ 
volves  the  slow  evaporation  of  silicon  monoxide 
in  poor  vacuum  to  obtain  conversion  of  the 
monoxide  to  the  dioxide  by  means  of  molecular 
collisions  prior  to  deposition. (24 J  sUch  condi¬ 
tio'  ,  however,  are  known  to  produce  porous 

fi 3 _ is  and  require  excessive  periods  of  time.  A 

third  technique  involves  mixing  reducing 
materials  or  metals,  such  as  aluminum,  wit: i  the 
silica  to  act  as  a  flux  ip  aiding  heat  trans¬ 
ference  to  the  silica. However,  this 
usually  results  in  reduction  of  the  silica  to 
silicon  monoxide.  It  has,  therefore,  seemed  best 
to  employ  a  fourth  technique,  the  direct  evapora¬ 
tion  of  silica,  despite  the  heating  difficulties 
previously  mentioned. 


the  dioxide  is  much  greater  than  that  of  the 
monoxide  in  this  spectral  region.  For  example, 
Figure  6  shows  that  at  3C0  mu,  the  wavelength 
used,  the  difference  is  greater  than  9C$.  This 
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In  the  direct  evaporation  work,  reduction 
of  the  silica  was  avoided  by  using  a  beryilip 
(BeO)  crucible  rather  than  a  standard  metal 
filament.  It  was  tr.en  found  poo3ibLe  to  ir.elt 
and  vaporize  silica  directly.  A  comparison  of 
films  forced  by  the  latter  three  or  the  four 
above-described  methods  is  giver,  in  Table  III. 


Table  III.  Comparison  of  several  methods  of 
forming  silicon  oxide  films  on  fused  silica 
plates. 


Method 

of 

forma¬ 

tion 

Time 

required, 

minutes 

Thick¬ 

ness, 

A 

Deposi¬ 

tion 

rale, 

A/ sec 

Estimated 

S'.02, 

* 

Flux 

2.5 

460 

2.0 

<  53 

Direct 

3G. 

I860 

0.8 

89 

Cor.versi 

or.  150. 

2580 

0.3 

97 

It  is  evident  that  the  direct  evaporation  method 
represents  a  compromise  between  the  desired  high 
percentage  of  8102  in  the  :<  Ln  ar.d  the  speed  of 
formation.  Ultraviolet  transmittance  measure¬ 
ments  were  used  to  estimate  the  amount  of  di¬ 
oxide  present  in  each  film,  assuming  the  other 
film  component,  to  be  the  monoxide.  This  proce¬ 
dure  was  possible  because  the  transmittance  of 


O  FUSED  SILICA  (SlO,) 

Cl  CONVERSION,  97%  SlO, 

A  DIRECT,  89%  SlO, 

©  FLUX,  33%  SI0, 

•  SILICON  MONOXIDE  (SlO) 

(SEE  REF  26) 

Figure  6.  Comparison  of  the  ultraviolet  trans¬ 
mittance  of  silicon  monoxide  ar.d 
silicon  dioxide  (fused  silica)  with 
that  of  several  mixed  silicon  oxides. 


curve  for  pure  silica  was  derived  from  measure¬ 
ments  on  a  silica  plate  and  that  for  silicon 
monoxide  0from  a  film  of  pure  material  of  thick¬ 
ness  330A.(£,j)  The  ultra-violet  transmittance 
of  the  films  of  Table  III  is  also  3howr.  in 
Figure  6. 

The  direct  evaporation  of  pure  silica  at 
present  represents  a  compromise  between  the 
other  two  methods  but,  *r.  recent  work  at  these 
laboratories,  concentrations  of  silica  up  tc  96 
percent  have  been  obtained  by  the  method.  It  is 
possible  that  with  further  development  of 
techniques,  fused  silica  may  be  ever,  more 
successful]  y  evaporated  in  this  nar.  ier . 


FlfTURS  POSSIBILITIES 


The  use  of  vacuum  evaporation  techniques  in 


L.  HAROLD  B’JLLIS  AND  WILLIAM  E.  ISLER 


microminiaturization  has  scarcely  begun.  Many 
developments  can  be  expected  In  the  future  as 
the  potentialities  of  the  method  become  more 
widely  appreciated.  For  example,  one  can  expect 
considerable  progress  ir.  both  the  techniques  of 
vacuum  evaporation  and  the  number  of  materials 
available  for  use. 

A  considerable  amount  of  effort  and  ingenuity 
will  be  required  in  perfecting  suitably  precise 
monitoring  systems,  in  exercising  adequate 
control  over  process  variables  such  as  pressure 
and  temperature,  ir.  eliminating  pinholes,  ar.d 
in  avoidin'/  ■■ontarl. nation  of  the  thin- film  layers. 
Since  there  clearly  is  a  limit  to  the  area  which 
cor.  be  assigned  to  a  resistor  or  to  a  capacitor 
in  a  microminiature  circuit,  techniques  will 
have  to  be  devised  for  depositing  high-resistivity 
as  well  as  hi gh-dielectric-conatant  materials. 

Such  techniques  would  enable  the  extension  of 
the  range  of  values  possible  with  vacuum-deposited 
resistors  and  capacitors  to  include  most  values 
likely  to  be  encountered  in  microminiature 
transistor  circuits.  Many  technical  difficulties 
may  be  more  readily  resolved  on  a  production 
basis  than  they  are  in  the  laboratory. '27'  For 
example,  circuits  could  be  formed  by  transporting 
the  base  substrates  on  a  conveyer  arrangement 
located  lr.  a  vacuum  chamber  divided  into  aevera'. 
compartments,  as  3hown  in  Figure  7.  This  would: 

(l)  enable  positioning  of  the  circuit  to  beBt 
advantage  with  respect  to  each  source,  (?)  reduce 
danger  cf  overheating  the  circuit,  possibly  by 
providing  coding  during  exposure  to  sources  of 
the  highest  temperature,  and  (3)  mode  poneible 
the  use  of  stationary  rather  than  movable  masks. 
1'r.doubtedly,  printed  circuit  techniques,  such 
as  the  u^e.cf  masks  of  photosensitive  re¬ 
sist'  ,l~  ,  will  aid  in  solving  many  difficulties. 


©  WIRING  AND 
ELECTRODES 

(?)  RESISTORS 

(D  DIELECTRICS 

@  WIRING  AND 
ELECTRODES 

Figure  v.  Feasible  method  of  circuit  fabrication 
by  vacuum  evaporation. 


The  usefulness  of  presently  available  as  well 
as  new  materials  in  microminiaturisation  work 
depend b  upon  the  ease  with  which  they  can  be 
obtained  in  a  microminiature  circuit  in  exactly 
the  location  and  configuration  desired.  Ir. 
general,  however,  all  materials  which  are  r.ow 
being  applied  by  coating  and  melding  methods  cf 
cr.e  kind  or  another  car.  be  considered  for  use 
in  vacuum  evaporation  work  provided  only  that 
they  can  be  .apori zed  without  undesired  de¬ 
composition.  In  particular,  when  semiconductor 
materials  can  be  deposited  as  single  crystals, 
transistors  ar.d  diodes  will  be  capable  of  being 
formed  ''ir,  situ"  and  thin- film  circuits  and 
solid  circuits  will  be  a  reality.  In  addition, 
there  la  the  intriguing  possibility  of  forming 
useful  materials  "ir.  situ"  as  a  result  of 
chemical  combination  of  various  elements  ar.d 
compounds  during  deposition.  For  example,  by 
the  simultaneous  evaporation  of  barium  oxide 
and  titanium  dioxide  under  controlled  conditions 
it  might  be  possible  to  form  ar.d  deposit  barium 
titanate  from  the  mixed  vapor.  In  anaiageus 
fashion,  metal  al)oy3  might  be  deposited  after 
v apori zing  the  individual  constituents  at  pre¬ 
determined  rate3,  ar.d  combining  them  in  the 
vapor  phase.  The  investigation  of  such  vapor 
phase  reactions  may  produce  remarkable  results. 

These  and  other  developments  appear  certain 
to  assure  increasing  use  of  vacuum  evaporation 
techniques  in  microminiaturization. 
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SOME  CIRCUIT  TECHNIQUES  TO  EUMIHITE  LARGE-VOLUME  COMPONENTS  t  A  LITERATURE  SURVEY 


Jerems  I.  Cooperman  and  Philip  J.  RranJdin 
Diamond  Ordnance  Fuze  Laboratories,  Washington  25,  D.  C. 

The  construction  of  electronic  devices  of  irLcrcminiature  size  requires  that 
the  component  parts  occupy  a  small  volume.  This  requirement  is  most  difficult  to 
execute  at  audio  and  sub-audio  frequencies  where  large-valued  cotqjonents  are 
necessary.  The  results  of  a  literature  survey  Indicate  that  it  is  possible  to 
eliminate  large -volume  component  parts  in  amplifiers,  filters,  and  oscillators 
by  employing  various  circuit  techniques.  Positive  feedback  permits  the  eli¬ 
mination  of  by-pass  capacitors.  Direct  coupling  eliminates  d.o.  Hooking 
capacitors.  Resonant  resistance -capacitance  networks,  either  passive  or  active, 
oan  be  substituted  for  the  bulkier  inductance  networks  normally  used  in  filters 
and  oscillators  in  the  audio  and  sub-audio  frequency  ranges.  Of  particular 
interest  are  the  zero  phase  shift  network  for  use  as  an  interstage  coupling, 
and  the  parallol-T  network  far  sharply  tuned  amplifiers  and  oscillators. 


INTRODUCTION 

Conventional  circuit  designs  of  amplifiers, 
filters,  P.nd  oscillators  for  the  audio  and  sub¬ 
audio  frequency  ranges  are  relatively  straight¬ 
forward.  However,  the  execution  of  these  designs 
into  practical  operating  devices  of  microminiature 
size  is  often  complicated  by  the  large  value Sj 
large  volumes,  and  possibly  inferior  performance 
that  certain  component  parts  may  aaaume  when 
operated  in  these  ranges. 

For  many  years,  engineers  have  attempted  to 
eliminate  large  component  parts  by  employing 
various  circuit  techniques.  While  most  of  these 
techniques  were  initially  developed  for  use  with 
vacuum  tubes,  the  extension  of  these  principles  to 
translator  circuits  is  logical.  This  paper  is  a 
result  of  «  literature  survey  conducted  to  uncover 
and  collect  in  one  body  some  of  these  techniques; 
it  will  disclose  their  basic  operating  principles 
and  how  they  might  be  applied  in  the  field  of 
microminiaturization.  The  presentation  la  given 
in  three  main  groups:  amplifiers,  simulated 
reactances,  and  filters  and  oscillators. 

I.  Amplifiers 

A.  Positive  feedback  techniques 

Positive  feedback  or  regeneration  results  when 
a  portion  of  the  amplified  signal  is  returned  to 
the  amplifier  input  in  the  same  phase  as  the  c.-ig 
inal  input  signal.  This  has  the  effect  of  increase 
ing  the  amplifier  gain  by  a  considerable  amount. 

If  the  amount  of  positive  feedback  is  made  great 
enough  to  make  up  for  attenuation  in  the  various 
coupling  networks,  the  amplifier  will  oscillate  at 
some  frequency  governed  by  the  constants  in  these 
coupling  networks  and  the  phase  shifts  through  the 
amplifier.  When  this  condition  prevails,  no  input 
signal  Is  required  in  order  to  obtain  an  output 
from  the  amplifier. 

In  designing  amplifiers  for  miniature  circuits. 
It  is  generally  desirable  to  get  maximum  amplifi¬ 
cation  per  stage,  using  a  minimum  number  of  com¬ 
ponents,  and  yet  have  the  system  relatively  free 
from  Instability  or  osci-laticr..  A  controlled  a- 
mount  of  positive  feedback  incorporated  in  the 
amplifier  design  can  achieve  these  ends  in  vacuum 
tube  circuits,  and  to  some  extent  In  transistor 
circuits.  In  a  typical  two-stage  resistance  ca¬ 
pacitance  coupled  amplifier,  to  establish  the 


proper  d.c.  operating  conditions  for  the  tubes, 
cathode  bias  is  generally  employed.  The  cathode 
by-pass  capacitors  are  the  moBt  bulky  of  the 
components  employed  eince  values  of  the  order  of 
10uf  and  larger  are  required  for  audio-fre¬ 
quency  applications.  If  these  capacitors  are 
omitted,  a  great  reduction  in  gain  resultB  from 
negative  current  feedback  in  the  cathode  biaB 
resistor.  Sulzer(l)  describes  a  method  of 
applying  controlled  positive  feedback  between  the 
stages  to  offset  this  reduction  in  gain,  and  it  1b 
shown  in  Figure  1.  The  positive  feedback  is 
applied  by  a  resistor  Rf  connected  between  the 
cathodes.  A  similar  method  of  applying  positive 
feedback  between  the  screen  grids  of  two  pentode 
etageB  to  eliminate  the  screen  by-paBs  capacitorB 
is  also  described. 


+  B 


Figure  1 . -Two- stage  resistance-capacitance 
coupled  amplifier  with  positive  feedback. 


Anspacher(2)  gives  an  analysis  of  a  two-stage 
pentode  amplifier  circuit  without  any  by-pass  ca¬ 
pacitors,  the  resulting  degeneration  being  nulli¬ 
fied  by  meanB  of  positive  feedback  between  the  twe 
screen  grido. 

Unlike  vacuum  tubes,  transistors  require  a  for¬ 
ward  bias  to  establish  the  proper  d.c.  operating 
conditions.  This  may  be  supplied  in  several 
different  ways.  In  order  to  stabilize  the  tran¬ 
sistor  against  thermal  runaway,  d.c.  feedback 
which  tends  to  bias  the  transistor  toward  cutoff 
as  the  collector  current  rises,  is  comnonly  used. 

A  resistor  is  connected  in  the  emitter  circuit  to 
stabilize  emitter  current.  Tne  emitter  resistor 
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is  generally  by- passed  to  prevent  loss  in  gain  due 
to  degeneration,  as  in  vacuum  tube  circuits. 

Alexander (3)  describes  a  transistor  audio 
amplifier,  similar  to  the  previous  vacuum  tube  cir¬ 
cuits,  where  positive  feedback  between  the  emi  tie's 
is  used  to  obviate  the  requirement  for  large  by¬ 
pass  capacitors  across  the  emitter  resistors.  It 
Is  shown  in  Figure  2. 

-  Ecc 


Figure  2. -Two- stage  resistance-capacitance 
coupled  transistor  amplifier  vltn  positive 
feedback . 


An  additional  economy,  although  not  related  to 
positive  feedback,  is  demonstrated  in  this  cir¬ 
cuit.  It  involves  the  elimination  of  the  two- 
resistor  forward  biasing  network  in  each  base 
circuit.  This  function  is  accomplished  by  the 
voltage  drop  that  appears  across  the  base- emitter 
Junction  as  a  result  of  the  leakage  current  of  the 
transistor.  This  biasing  method  is  not  recommend¬ 
ed,  since  it  is  sensitive  not  only  to  temperature 
variations,  but  also  to  differences  between  tran¬ 
sistors. 

B.  Direct- coupled  amplifiers 

A  somewhat  different  technique  for  eliminating 
large- volume  components  and  improving  the  low- fre¬ 
quency  response  of  an  amplifier  is  to  employ 
direct-coupling.  In  this  case,  the  coupling  ca¬ 
pacitors  and  cathode  by-pass  capacitors  are  elimi¬ 
nated.  Unfortunately,  due  to  the  direct -coupling, 
any  drift  in  the  input  stage  is  reflected  as  a 
rather  large  voltage  excursion  at  the  output. 
Various  means  have  been  employed  to  eliminate  the 
drift  problem,  Including  chopper  stabilization. 

Much  of  this  information  is  summarized  by  Landee 

f/t  al(^). 

"The  use  of  PNP  transistors  made  by  fusion  tech¬ 
niques  and  surface-barrier  transistors  permits  a 
direct  connection  cf  the  collector  of  one  stage  to 
the  base  of  the  following  stage  without  the  use  of 
interstage  biasing  arrangements.  This  is  possible 
since  the  collector  resistance  is  high  and  the 
current  gain  is  close  to  its  nominal  value  when  the 
collector-to-base  voltage  is  zero  or  slightly  posi¬ 
tive.  At  low  level  stages,  the  use  of  this  tech¬ 
nique  results  ir.  very  simple  circuitry.  However, 
the  collector-voltage  swing  cf  any  stage  directly 
coupled  to  the  base  of  a  following  stage  is 
restricted  to  a  very  small  voltage  (0.2  to  0.6v). 
Since  the  transistors  are  operated  as  current 
amplifiers,  the  small  allowable  collector- voltage 
swing  dees  net  adversely  affect  the  operation  of 


low-level  stages .  In  many  practical  amplifiers 
this  technique  may  be  employed  for  coupling  the 
first  two  or  three  stages  of  a  high-gain  amplifier. 

. .  Hurtigf5) .  An  amplifier  circuit  of  this  type 
is  shown  in  Figure  3.  It  has  a  power  gain  of  70db 
and  incorporates  d.c.  feedback  for  stabilization  A  6) 

-Ec 


Figure  3. -Direct -coupled  transistor  amplifier. 


As  in  the  case  of  the  vacuum  tube,  d.c.  drift 
cannot  be  ignored.  It  is  unfortunate  that  the 
temperature  sensitivity  of  transistors  Increases 
the  drift.  However,  if  this  circuit  is  employed 
as  a  low-level,  high  gain  pre- amplifier,  capacitive 
coupling  at  the  output  will  remove  the  d.c.  com¬ 
ponent  without  affecting  its  properties  as  an  a.c. 
amplifier.  The  economy  of  component  parts  and  the 
high  gain  cannot  be  overlooked  for  application  in 
microminiature  sub- assemblies. 

Another  type  of  direct-coupling  scheme  used  with 
transistors  is  called  complementary  symmetry,  and 
is  discussed  by  Sziklai'7'.  This  method  employs 
both  PNP  and  NFN  transistors.  It  is  possible  to 
eliminate  emitter  by-pass  capacitors  and  some  load 
resistors,  although  the  power  supply  connections 
may  be  somewhat  more  complicated.  This  method  is 
shown  in  Figure  4  and  can  deliver  a  voltage  gain  of 
the  order  of  25  per  stage. 

PNP  NPN 


Figure  4. -Complement ary  symmetry  direct- coupled 
transistor  amplifier. 


Perhaps  the  most  popular  use  of  the  principle  of 
complementary  symmetry  is  ir  Class  B  power  amplifier 
applications.  The  advantage  of  Class  B  operation 
is  that  the  circuit  draws  negligible  current  until 
signal  is  applied.  In  the  usual  configuration, 
both  an  input  and  an  output  transformer  are  re¬ 
quired.  Sziklait7)  describes  a  circuit  of  a  Class 
3  power  amplifier  with  a  direct- coupled  complemen¬ 
tary  symmetry  driver.  It  is  shewn  in  Figure  5. 

This  amplifier  does  net  contain  any  parts  other 
than  the  transistors  themselves  and  operates  I rom 
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a  high  impedance  signal  source  directly  into  a  16- 
ohm  loudspeaker  voice  coil*  The  lov  output  imped¬ 
ance  ar.d  the  stable  operation  are  made  possible  by 
the  over-all  feedback  which  extends  down  to  d.c. 
Incidentally,  this  is  a  sere-center  d,e.  amplifier. 
Its  economy  of  component  parts  recommends  it  for 
microminiature  power  amplifier  applications. 


II.  Simulated  Reactances 

With  certain  circuit  configurations,  an  active 
element  such  as  a  vacuum  tube  or  transistor  may 
behave  ae  a  reactance.  Some  well  known  applica¬ 
tions  of  this  phenomenon  are  the  reactance  modu¬ 
lator  uBed  in  frequency  modulation,  and  the  Miller 
integrator  and  operational  amplifiers  used  in 
analog  computer  work.  Very  often,  however,  the 
reactance  effects  are  not  pure,  but  also  introduce 
resiBtive  effects.  For  purposes  of  power  supply 
filtering,  the  resistive  effects  are  not  consider¬ 
ed  to  be  as  important  as  -the  reactive  properties 
of  the  device.  LinvillW* (9)  gives  theory  on  RC 
active  filters  using  transistors. 

A.  Inductance 

Tovner^-^)  describes  a  circuit  which  is  com¬ 
posed  of  resistive  and  capacitive  elements,  ar.d 
three  tubes  as  amplifiers.  The  device  behaves  as 
a  true  inductance  in  that  it  differentiates  square 
waves,  integrates  triangular  waves,  and  resonates 
with  capacitance  across  its  terminals.  Some  of 
the  applications  described  are  for  a  low  frequency 
sine  wave  oscillator  ar.d  as  a  filter  circuit  for 
tone  central  purposes  in  audio  amplifiers. 

Tomer (Tl)  describes  a  circuit  wherein  a  pentode 
tube  may  bo  used  :n  place  of  a  high  inductance 
choke  in  a  power  supply  filter.  While  net  a  pure 
inductance  element,  the  high  a.c.  plate  resis¬ 
tance  and  low  d.c.  drop  through  the  tube  permit 
the  circuit  to  fulfill  the  requirements  ordinarily 
imposed  qr.  $  filter  choke. 

Stern^^)  describes  a  transistor  simulated  in¬ 
ductance  using  only  capacitance  as  the  reactive 
parameter.  A  series  simulated  inductance  is 
shown  in  Figure  o. 


The  Miller  integrator  is  a  particular  kind  of 
operational  amplifier.  It  is  basically  an  ampli¬ 
fier  stage  with  a  capacitive  feedback  path  from 
plate  to  grid.  The  apparent  capacitance  between 
grid  and  cathode  terminals  is  a  function  of  the 
size  of  the  feedback  capacitor  and  the  gain  of  the 
stage.  In  effect,  the  plate- to- grid  capacitance 
is  amplified  by  the  tube.  Thus,  it  is  possible  to 
use  a  relatively  small  capacitance  with  a  high 
gain  stage  to  obtain  a  large  circuit  capacitance 
of  low  volume. 

Stern(l2)  shows  a  circuit  for  a  transistor- 
simulated  shunt  capacitance,  and  it  is  reproduced 
in  Figure  7.  The  value  of  the  capacitance  used 
in  the  base  path  is  multiplied  by  the  transistor 
gain.  As  in  the  simulated  inductance  case,  these 
circuits  are  inoperable  above  the  transistor  cut¬ 
off  frequency.  Oakes  and  Lawsom-^J  U8e  a  similar 
capacitance  multiplier  circuit  in  a  transistor 
power  sunply  filter. 


Figure  .-Transistor- siinulcu.eu  shunt  capaci¬ 
tance  . 


III.  Filters  ar.d  Oscillators 

The  usual  inductance -capacitance  filters  ar.d 
oscillators  assume  very  large  physical  propor¬ 
tions  when  designed  for  low  frequency  operation. 

In  addition,  at  sub-audio  frequencies,  the  circuit 
Q  of  the  inductors  is  sc  low  that  ir.ductance- 
capacitar.ce  filters  and  oscillators  are  not  prac¬ 
tical.  3oth  these  factors  have  spurred  circuit 
designers  to  develop  alternative  approaches. 


© 


2. 


JEROME  I.  COOFERMAN  AND  PHILIP  J.  FRANKLIN 


It  has  been  known  for  many  yeax3  that  certain 
reelstance- capacitance  networks  exhibit  some  of 
the  properties  of  resonance.  That  is,  in  the 
region  of  resonance,  the  phase  shift  changes 
quite  rapidly  with  frequency,  ar.d  the  networks 
show  a  peak  of  transmission  or  attenuation.  Some 
of  the  better  known  passive  resonant  networks  are 
the  Wien  bridge,  the  parallel-  or  twin-T,  and  the 
bridged-T.  Ladder  networks  (or  cascaded  L  sec¬ 
tions)  as  passive  structures  behave  as  low-pass 
or  high-pass  filters. 

When  these  resistance-capacitance  networks  are 
used  in  the  feedback  loop  of  an  amplifier,  it  is 
possible  to  achieve  steeper  curves  of  amplitude 
vs.  frequency  (higher  Q)  than  the  passive  case, 
or  even  to  invert  the  transmission  characteristics 
of  the  network. 

Real stance- capacitance  oscillators  are  similar 
in  theory.  Sufficient  in-phase  feedback  is  em¬ 
ployed  to  overcome  the  attenuation  in  the  coupling 
network,  and  the  amplifier  then  supplies  Its  own 
input.  The  frequency  stability,  of  course,  is 
determined  by  the  rate  of  change  of  phase  with 
frequency  at  the  resonant  frequency  of  the  net¬ 
work. 

A.  Ladder  networks  (cascaded  L  sections) 

The  simplest  netwurk  to  be  considered  here  is 
the  single  L  section,  shown  silong  with  its  trans¬ 
mission  and  phase  characteristic  in  Figure  8. 


t. 


Figure  8a. -Single- section  high- pass  filter  with 
attenuation  and  phase  characteristics. 


Figure  8b. -Single-section  low-pass  filter  with 
attenuation  and  phase  characteristics. 


It  has  an  attenuation  asymptotic  to  6  db/ 
octave  beyond  the  "corner"  frequency  of  <D=l/RC, 
and  a  maximum  phase  shift  of  90”.  Depending  on 
the  configuration,  either  low  or  high  frequency 


attenuation  may  be  obtained. 

The  attenuation  rate  of  these  networks  may  be 
made  steeper  by  cascading  two  or  more  sections. 

For  each  section,  an  additional  6  db/octave  slope, 
and  90“  phase  shift  are  obtained.  Thus,  for 
example,  a  three-section  ladder  has  an  attenuation 
of  18  db/octave  beyond  its  corner  frequency,  ar.d  a 
maximum  shift  of  270“ .  One  Buch  network  is  shown 
with  its  characteristics  in  Figure  9. 


'» 

Figure  9. -Three-section  high-paBB  ladder  net¬ 
work  with  attenuation  and  phase  characteristics. 

It  can  be  seen  that  there  Is  a  phase  shift  of 
180“  at  a  frequency  f  =l/2ITRC  -y/5-  for  this  high 
pass  filter.  Although  the  three-section  ladder 
network  haB  no  "resonant"  frequency,  it  haB  been 
used  in  a  tuned  amplifier  circuit  by  HanselUA), 
and  Is  commonly  employed  in  resistance-capacitance 
(phaBe-shift)  oscillators  as  described  by  Cinzton 
and  Holllngswor-th(l5) .  The  network  is  connected 
in  a  negative  feedback  path  between  the  input  and 
output  of  an  amplifier  stage.  At  some  frequency 
there  is  an  additional  180“  phase  shift  contributed 
by  the  network.  Thus,  positive  feedback  Is  ob¬ 
tained,  and  the  amplifier  response  will  show  a  peak 
at  this  frequency. 

If  the  amplifier  gain  is  made  sufficiently  large 
to  overcome  the  attenuation  in  the  network,  the 
circuit  will  oscillate.  For  a  network  composed  of 
equal  resistances  and  equal  capacitances,  there  is 
an  attenuation  of  23  at  a  phase  shift  of  180°,  re¬ 
quiring  a  loop  gain  of  at  least  this  amount  for  the 
circuit  to  oscillate.  Sulzeri-1-6)  suggests  a  mod¬ 
ification  of  the  ladder  netwurk  by  "tapering"  the 
sections  so  that  the  succeeding  sections  do  not 
load  the  input,  sections.  The  attenuation  in  this 
network  is  only  about  8  for  a  phase  shift  of  180“ 
and  so  low  p  tubes  may  be  used  In  the  oscillator. 

Hooper  and  JacketsU7)  have  reported  cn  a 
transistorized  RC  phase  shift  oscillator. 

Epsteln(le)  describes  a  variation  of  this  ladder 
network  which  has  a  gain  greater  than  unity  with 
130“  phase  ehift.  Thus  it  is  possible  to  con¬ 
struct  an  oscillator  with  only  a  cathode  follower 
as  the  active  element.  Waidelich(^9)  gives  a 
practical  design  procedure  for  oscillators  of  this 
type. 
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Smlley(20J  describes  another  variation  of  the 
phase  shift  oscillator  in  which  the  ladder  sec¬ 
tions  are  separated  by  active  vacuum  tube  stages. 
Use  is  made  of  the  Miller  effect  to  increase  the 
effective  value  of  the  capacitances  in  the  net¬ 
work,  permitting  ultra- lov- frequency  operation 
with  relatively  small  components.  A  further  ad¬ 
vantage  of  this  oscillator  is  that  three-phase 
output  is  available. 

Sturm  and  Cottrell (21)  developed  a  transistoriz¬ 
ed  three-phase,  phase  shift  oscillator  in  idiich  the 
ladder  sections  are  separated  by  active  transistor 
stages. 

Hadfield(22) 

describes  a  null  network  composed 
of  two  ladder  networks  connected  to  a  common 
source.  It  is  shown  in  Figure  10.  The  null  fre¬ 
quency  is  controlled  by  means  of  a  very  hlgi 
resistance  potentiometer  connected  across  the  out¬ 
put  terminals  of  the  individual  networks.  One  of 
these  networks  is  a  phase  lead  network;  the  other 
is  a  phase  lag  network.  The  voltages  at  the 
respective  outputs  of  these  networks  are  opposite 
in  phase  at  all  frequencies  and  a  zero  output  or 
cancellation  can  be  obtained  at  any  frequency  by 
a  suitable  setting  of  the  potentiometer.  A  more 
detailed  analysis  is  presented  by  Clothier(23) 
and  a  variation  called  the  variable-T  is  discussed 
by  Reid(24) . 


R  R 
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Figure  10. -Hadfi eld's  null  network. 


B.  The  zero  phase  shift  network 

A  simple  selective  network,  sometimes  referred 
t.o  as  a  zero  phaBe  shift  or  twin  RC  network,  and 
discussed  in  detail  by  Punn«tt(25),  la  shown  in 
Figure  11  along  with  its  phase  and  transmission 
characteristics.  Superficially,  it  appears  to  be 
a  Wien  bridge,  and  it  has  been  referred  to  as  such 
many  times  in  the  literature.  Actually  it  is  not, 
since  the  true  Wien  bridge  Isa  four-terminal  net¬ 
work  having  no  common  connection  between  the  input 
and  output.  This  network  is  a  three- terminal  net¬ 
work  and  it  has  a  common  connection  between  input 
and  output.  It  has  a  peak  in  transmission  and  0” 
phase  shift  at  its  "resonant"  frequency.  Its 
attenuation  is  asymptotic  to  6  db/oetave  each  side 
of  this  frequency.  If  the  general  case  for  this 
network  is  considered,  it.  is  found  that  the  high¬ 
est  selectivity  occurs  when  m=n=2.  The  resonant 
frequency  obeys  the  relation  f«l/2LRC. 


•• 

Figure  11. -The  zero  phase  shift  network  with 
attenuation  and  phase  characteristics. 


Two  other  networks  composed  of  the  Bame  basic 
elements  in  different  configurations,  but  having 
the  Bame  transmission  characteristics  are  shown  in 
Figure  IS. 


Figure  12. -Two  variations  of  the  zero  phaBe 
shift  network. 


Whitmer(2bJ  describes  a  three-stage,  broadly 
tuned  bandpass  amplifier  employing  two  of  these 
networks  for  interBtage  coupling.  While  not  as 
selective  as  other  circuits,  the  simplicity  of  the 
network  and  the  absence  of  critical  tuning  require¬ 
ments  are  advantageous. 

Beattie  and  Conn(27),  and  Punnetp(25)  employ 
this  network  as  the  interstage  coupling  in  a  two 
stage  amplifier  with  a  positive  feedback  loop, 
thereby  obtaining  a  tuned  amplifier  system  with 
Q's  up  to  20.  Transistorized  versions,  while 
feasible,  have  not  yet  been  described  In  the 
literature. 

If  the  loop  gain  of  the  amplifier  system  is 
made  greater  than  3,  the  circuit  will  oscillate 
at  a  frequency  determined  by  the  network  and  the 
amplifier  phase  shifts.  Such  a  vacuum  tube 
oscillator  has  been  described  by  Terman(28).  Tran¬ 
sistor  oscillators  of  this  type  have  been  described 
and  analyzed  by  Achuthan(29)  and  Hooper  and 
Jackets(l7). 

Another  variation  of  this  network  is  also 
described  by  Punnett(25)  and  consists  of  connect¬ 
ing  the  network  to  the  output  of  s  phase  splitter. 
The  operation  approaches  that  of  the  Wien  bridge 
by  being  more  sharply  tuned  than  the  simple  selec¬ 
tive  network  and  having  zero  output  at  its  resonant 
frequency. 

C.  The  Wien  bridge 

A  popular  tuned  RC  network,  the  Wien  bridge,  is 
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shown  in  Figure  13  along  with  its  transmission 
characteristics.  It  is  more  sharply  tuned  than 
the  previous  network,  with  a  theurelical  infinite 
attenuation  and  a  discontinuous  phase  shift  at  its 
resonant  frequency.  It  has  been  employed  in  tuned 
amplifiers  by  Shaw( 30 )  and  in  oscillators  by 
Clarke ( 31 ) .  It  has  a  rather  serious  disadvantage 
in  that  it  is  a  four- terminal  network  having  no 
common  connection  between  input  and  output,  thus 
requiring  «r.  Isolating  transformer  in  many  oscil¬ 
lator  and  amplifier  circuits.  However,  it  is 
possible  to  employ  this  network  without  a  trans¬ 
former.  The  network  may  be  tuned  by  varying 
either  the  two  capacitors  or  the  tvo  resistors  in 
the  right-hand  branches  simultaneously.  The 
resonant  frequency  obeys  the  relation  f=l/2!lRC. 


Figure  12. -The  Wier.  bridge  network  with 
attenuation  and  phase  characteristics. 


D.  The  parallel-T  network 

Probably  the  coot  widely  used  RC  selective  net¬ 
work  is  the  parallel-T  or  twin-T  network.  It  has 
a  higher  Q  than  the  previously  discussed  simple 
networks,  lesB  than  the  Wien  bridge,  and  has  a 
theoretical  infinite  attenuation  and  a  discontin¬ 
uous  phase  shift  at  its  resonant  frequency.  A 
carefully  constructed  unit  can  have  an  attenuation 
of  120  db  at  this  frequency.  This  network,  in¬ 
vented  by  AugustadtwPjj  is  shown  in  Figure  14 
along  with  its  transmission  characteristics.  The 
resonant  frequency  is  given  by  f <=l/2nPC  *\[2ri  where, 
for  the  highest  Q,  n=l/2. 

The  parallel-T  is  a  three-terminal  network; 
there  is  a  common  connection  between  input  and 
output.  This  feature  makes  the  applications 
rather  straightforward  since  no  isolation  trans¬ 
former  or  special  circuitry  is  required.  Analysis 
cf  the  paraliel-T  network  and  suggested  applica¬ 
tions  have  been  made  by  Ha8tingsl33)  and 
Stantor.v  34) . 

One  of  the  sharpest  criticisms  directed  toward 
the  parallel-T  network  is  the  fact  that  ir.  order 
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Figure  14. -The  paralicl-T  network  with 
attenuation  ar.d  phase  characteristics. 


to  vary  the  tuning  frequency,  three  circuit 
parameters  must  be  adjusted  simultaneously  and 
with  perfect  tracking  to  maintain  the  sharpness  of 
rejection.  White  and  Mo r gun ( 35)  ppve  made  an  in¬ 
genious  modification  that  permits  adjustment  of 
the  null  frequency  over  a  two-decade  range  without 
changing  any  of  the  circuit  parameters.  They 
split  the  input  to  the  parallel -T,  and  in  the  case 
illustrated  in  Figure  15,  each  T  is  fed  from  or.e 
section  of  a  dual  potentiometer.  The  null  fre¬ 
quency  1 8  then  only  a  function  of  the  ratio  of  the 
voltages  applied  to  the  two  T's  and  the  null  fre¬ 
quency  of  the  basic  network. 


Figure  15. -The  dual-input  parailel-T  network 


The  ubc  of  the  parallel-T  network  in  vacuum 
tube  tuned  amplifiers  was  first  described  by 
Scott(36),  tut  subsequent  articles  by  Flei sher ( 37 \ 
Pur.r.ett(25) ,  3ta.ntor.C34),  and  Hyde'3&)  are  core 
detailed.  The  tuned  amplifier  consists  basically 
of  a  stage  of  gain  with  the  parallel-T  network  in 
the  negative  feedback  loop,  and  is  shown  lr.  Figure 
l£.  There  is  degeneration  at  al  1  frequencies  ex¬ 
cept  at  the  resonant  frequency  of  the  network 
which  id  a  transmission  null.  At  this  frequency, 
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the  amplifier  gain  is  a  maximum,  resulting  in  a 
peak  in  the  amplifier  response.  Among  the  articles 
showing  practical  circuits  of  tuned  amplifiers  em¬ 
ploying  thiB  network  are  those  by  Dixon  and 
Phillips ( 39 ) ,  Git zendanr.er ( 40 ) ;  Rayner(^l),  and 
Rouaitl 42) . 


Figure  16. -A  simple  tuned  amplifier  employing 
a  parai 1 e . -T  network  in  the  negative  feedback 
loop. 


Bowers(^3)  calls  attention  to  an  interesting 
variation  of  the  parallel-T  network.  If  the 
multiplying  factor,  n,  of  the  shur.t  arms  of  the 
network  is  less  than  0.5,  there  is  only  a  partial 
null  and  the  network  phase  shift  attains  a  value 
of  160°  at  the  resonant  frequency.  The  phase  vs. 
frequency  characteristic  is  degraded  from  the 
discontinuous  function  of  the  infinite  attenua¬ 
tion  network  to  a  less  rapid  change,  the  slope  be¬ 
coming  smaller  as  n  is  decreased.  Attenue.tion  and 
phase  shift  for  various  values  of  n  are  shown  ir. 
Figure  17.  In  the  previously  described  amplifier, 
this  phenomenon  results  ir.  positive  feedback  or 
regeneration  at  the  resonant  frequency  of  the 
filter,  thus  increasing  the  amplifier  gain  at 
tnat  frequency.  3owers(43),  McGaugharA  44 ) ,  and 
Smith(4S;  have  shown  practical  tur.ed  amplifiers 
based  on  these  principles.  A  similar  circuit, 
but  using  transistors,  is  described  by  Sohrabj^). 

If  the  loop  gain  of  the  amplifier  is  made  large 
enough  to  overcome  the  transmission  losses  of  the 
network,  the  system  will  oscillate  at  a  frequency 
determined  by  the  network  and  the  phase  shift  in 
the  amplifier.  The  choice  of  n  of  the  network  is 
dictated  by  the  open  loop  gain  of  the  oscillator 
and  the  frequency  stability  that  is  desired. 

Vacuum  tube  oscillators  of  this  type  have  been 
described  by  SmithC4^)  and  Tucker'4"^).  A  com¬ 
plete  design  procedure  for  paralle'-T  oscillators 
is  giver,  by  lynch  ar.d  RobertsorA4®) .  A  transistor 
version  is  shewn  by  Schrabjl(46) . 

Frequency  discriminators  utilizing  paraliei-T 
RC  networks  are  advantageous  for  low  frequency 
applications.  There  are  two  basic  methods:  two 
networks  may  be  used  directly,  or  in  the  inverse 
loops  of  feedback  amplifiers.  TillmanC4^)  and 
Stine(SO)  describe  practical  circuits  and  design 
techniques  for  these  discriminators. 


Figure  17. -Attenuation  and  phase  characteristics 
of  a  parollel-T  network  with  various  values  of 


E.  The  bridged-T  network 

Still  another  frequency  selective  RC  network  is 
the  bridged-T,  described  by  Sulzer(3l)  and  others. 
The  network  ar.d  its  transmission  and  phase 
characteristics  are  shown  in  Figure  18.  It  has  a 
minimum  of  transmission  and  0°  phase  shift  at  its 
resonant  frequency,  f=l/2JTRC.  The  unsymmetri  cal 
networks  are  characterized  by  a  higher  Q  than  is 
available  from  other  networks  containing  only 
four  components.  Its  relative  simplicity  and  ease 
of  frequency  adjustment  also  cake  this  network 
attractive  for  use  in  a  tuned  amplifier  or  oscil¬ 
lator  . 

Tisdale(°2)  uged  the  bridged-T  network  ir.  con¬ 
junction  with  RC  ladder  sections  to  obtain  a  con¬ 
tinuously  adjustable  low-pass  filter.  Sulzer  has 
used  this  network  in  a  vacuum  tube (53)  ar.d  a  tran¬ 
sistor^4)  audio  oscillator  which  feature  lew 
harmonic  distortion. 
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Figure  18. -The  bridged-T  network  with  attenuation 
and  phase  characteristics. 


CONCLUSIONS  AND  RECOMMENDATIONS 

The  use  of  positive  feedback  techniques  offers 
a  means  to  eliminate  large  volume  by-pass  capaci¬ 
tors  in  amplifier  circuits,  although  the  amplifier 
gain  is  made  more  sensitive  to  power  supply  and 
temperature  variations. 

Direct  coupling  and  complementary  symmetry 
transistor  circuits  can  be  employed  to  eliminate 
some  coupling  capacitors  and  resistors.  However, 
direct  coupled  circuits  should  be  restricted  to 
small  signal  applications  since  drift  may  cause 
the  amplifier  to  operate  in  a  non-linear  region 
thus  introducing  distortion.  Here,  again,  tem¬ 
perature  variations  will  cause  drift  in  transistor 
amplifiers. 

Simulated  reactances  permit  tne  substitution 
of  small  volume  active  networks  for  the  larger 
passive  components  ordinarily  used  in  power  supply 
filters. 

Resistance-capacitance  networks  can  be  used  in 
place  of  the  simpler  but  bulkier  inductance- ca¬ 
pacitance  filters,  especially  at  the  low  audio  and 
sub-audio  frequency  ranges.  Passive  ladder  net¬ 
works  can  be  used  for  low-  or  high-pass  filters. 

Of  the  networks  considered  here,  only  one  type, 
the  zero  phase  shift  network,  exhibits  a  peak  in 
transmission  at  its  resonant  frequency.  Because 
of  its  simplicity  and  absence  of  critical  adjust¬ 
ment,  this  network  is  suited  for  printed  :ircuits. 
Minor  frequency  adjustments  can  be  made  by  vary¬ 
ing  one  of  the  resistance  elements.  It  is  es¬ 
pecially  suited  for  interstage  couplings  since  no 
additional  d.c.  blocking  capacitors  are  required. 


The  remaining  applications  for  R-C  networks  as 
filters  involve  their  use  In  feedback  amplifiers. 

For  maximum  stability  of  operation,  the  network  is 
placed  in  the  negative  feedback  loop  thus  reducing 
the  amplifier  gain  at  all  frequencies  removed  from 
the  minimum  transmission  frequency  of  the  filter. 
There  are  four  minimum  or  null  transmission  net¬ 
works  which  have  been  considered  here:  Hadfield'e 
ladder  network,  the  Wien  bridge,  the  bridged-T,  and 
the  parallel-T.  The  first  two  are  more  complicated  • 
circuitwise  or  possess  more  elements  them  the 
latter  two,  while  offering  no  compensating  advan¬ 
tages.  The  R-C  bridged-T  is  appealing  because  of 
its  duplicity,  but  Browxi(55)  comments  that  its 
amplitude  rejection  characteristic  is  poorer  than 
that  of  the  parallel-T  network  and  Is,  therefore, 
less  desirable  for  uee  in  a  tuned  amplifier. 

The  moat  versatile  (and  hence  most  popular)  net¬ 
work  is  the  parallel-T  and  its  modifications. 

While  the  basic  infinite  attenuation  network  is 
rather  difficult  to  adjust  for  optimum  rejection 
at  a  particular  frequency,  the  variation  suggested 
by  White  and  Morgan'-^®!  nullifies  the  criticism 
directed  toward  the  network  for  variable  frequency 
operation.  This  variation  makeB  it  possible  to 
have  operation  over  a  two-decade  range  without  any 
additional  critical  adjustments  to  the  network. 
Another  variation  of  the  parallel-T  yields  a  posi¬ 
tive  feedback  voltage  at  the  resonant  frequency. 

ThuB  additional  gain  might  be  obtained  from  a  tuned 
amplifier,  and  a  stable  R-C  oscillator  is  easily 
obtained  by  the  proper  choice  of  network  parameters. 
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THE  DESIGN  OF  A  TRANSISTOR  NOR  CIRCUIT 
FOR  MINIMUM  POWER  DISSIPATION 

Elbert  L.  Cox 

Diamond  Ordnance  Fuze  Laboratories,  Washington,  D.C. 


Abstract 


This  paper  describes  a  method  of  designing  a  transistor  NOR  circuit  for  mini¬ 
mum  power  dissipation  (ij-^Rj-).  Expressions  for  collector  current  (Ig)  and  input 
current  limiting  resistor  (R]_)  which  give  a  minimum  in  power  dissipation  are 
derived  in  terms  of  the  basic  NOR  circuit  parameters  (B/S,  ICBO'  M,  and  N). 
Graphical  results  indicating  minimum  power  dissipation  as  a  function  of  leakage 
current  (lgBo)>  minimum  base  to  collector  current  gain  (b/s)  and  number  of  out¬ 
put  circuits  (N)  are  presented.  The  number  of  inputs  (M)  is  fixed  at  two  for 
these  curves. 


Introduction 


The  transistor  NOR  circuit  is  capable  of 
performing  all  of  the  English  logic  functions 
AND,  OR,  and  NOT,  and  is  therefore  extremely 
useful  in  computer  systems.  The  NOT  function  is 
performed  by  a  NOR  with  one  input.  The  AND 
function  is  performed  by  three  NOR  circuits  and 
the  OR  function  Is  performed  by  two  NOR  circuits 
as  shown  in  Figure  1. 

The  basic  building  block,  the  transistor 
NOR  circuit  as  shown  in  Figure  2,  employs  a 
Junction  transistor  in  the  common  emitter  con¬ 
figuration.  The  transistor  is  used  as  a  two- 
position  switch  rather  than  as  a  linear  device. 
In  other  words,  the  translator  can  exist  in  its 
normal  "cut-off"  state  or  in  a  state  of  satura¬ 
tion  which  can  be  referred  to  as  an  "on"  state. 
In  the  "cut-off"  state  the  transistor  will  have 
a  relatively  high  impedance  between  its  col¬ 
lector  and  emitter  in  the  order  of  megohms.  In 
the  saturated  state  the  transistor  has  a  negli¬ 
gible  impedance  between  its  collector  and 
emitter;  this  impedance  is  in  the  order  of  ohms. 

Referring  to  Figure  2,  the  circuit  consists 
of  M  input  lines  with  input  resistors  R^  and 
a  base  bias  resistor  Rip.  The  positive  biaB 
VB3  supplied  through  Rip  causes  the  transistor 
to  be  turned  off  and  thereby  to  exist  in  the 
"cut-off"  state  if  all  of  the  inputs  (A,  B, 
and  C)  are  near  zero  volts.  The  transistor  is 
turned  "on"  if  one  or  more  of  the  Inputs 
(A,  B,  C)  are  at  a  negative  voltage  Vq.  Vq 
must  be  sufficiently  large  such  that  the 
current  Ig  flowing  through  resistor  Ri  is  equal 
to  or  greater  than  Ig^B,  where  B  1b  the  base  to 
collector  short  circuited  current  gain,  find  Ip; 
is  the  maximum  current  flowing  in  the  collector 
resistor  Rq. 


V 


When  the  transistor  is  in  the  "cut-off"  state 
the  output  voltage  is  approximately  the  same  as 
the  supply  voltage  Vgg.  When  the  transistor  is 
in  the  saturated  state  most  of  the  collector 
supply  voltage  Vgg  appears  across  Re  and  the 
output  is  near  ground  potential.  It  can  be 
stated  concisely  that  a  voltage  signal  is  present 


on  the  output  if  voltage  signals  are  not 
present  on  any  of  the  inputs.  Conversely, 
a  vcltage  signal  is  not  present  on  the  out¬ 
put  if  voltage  signals  are  present  on  any 
or  all  of  the  inputs. 


A  basic  question  encountered  in  using  the 
NOR  circuit  is  "will  the  circuit  operate 
properly  when  a  single  collector  is  required 
tc  drive  a  certain  desired  number  of  output 
circuits?"  An  expression  for  this  number  of 
outputs,  N,  in  terms  of  the  circuit  components, 
was  derived  by  W.  J.  Rowe.1 


where  Iguo  ls  maximum  expected  base  to 
collector  leakage  current  with  the  emitter 
open  circuited,  0.25  is  the  base  to  emitter 
voltage  for  germanium  transistors,  and  S  is  the 
safety  factor  employed  to  compensate  for  a 
decrease  in  gain  of  the  transistor  and  other 
circuit  parameter  tolerances.  This  expression 
will  be  used  aB  a  Btartlng  point.  Ir.  deriving 
the  above  expression,  it  was  assumed  that  VB-., 
the  baBe  to  emitter  vcltage  when  the  transistor 
is  in  the  "on”  state,  was  very  much  smaller  than 
Vqc,  the  collector  supply  voltage  and  that  the 
leakage  current  Iggg  waa  very  much  smaller  than 
Ig,  the  maximum  current  floving  in  the  collector 
resistor.  It  was  also  assumed  that  the  transis¬ 
tor  acts  as  a  perfect  switch  when  the  transistor 
Is  in  the  saturated  state.  Consequently,  under 
saturated  conditions  *VCC  “  ICR  q •  All  results 
will  be  based  on  these  assumptions. 


Given  a  certain  number  of  inputs  tc  a  NOR 
circuit  which  is  to  drive  a  certain  number  of 
output  circuits,  it  is  desired  to  minimize  the 
power  dissipation  Iq  Rg  in  the  collector 
resistor  Rg,  subject  to  the  restriction  that 
equation  (l)  be  satisfied.  The  minimization  of 
Ig^Rc  with  respect  to  base  resistor,  R^,  and 
collector  current  Iq,  is  the  object  of  this 
paper. 


^Rove,  W.  D.,  "The  Transistor  NOR  Circuit," 
IRE  WESC0J1  Convention  Record,  Part  4,  1957, 
pp.  251-245. 
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Derivation  of  Mini pub  Power  Dissipation 
Expression 


A.  Input  Current  Limiting  Resistor 

(\) 


Equation  (l)  may  tie  rewritten  in 
the  form 


(2) 


R 

_ 1 

1 


O.gpfM-l) 

Vc 


N 


If  this  expression  Is  differentiated 
with  respect  to  IL,  maintaining  S/B, 
lego'  and-  Ic  constant,  and  the 

derivative  set  equal  to  zero,  one 
obtains 


H1+NRC-  R1 


+  ICB0 


^tc+icbo]V  °-35(m-i) 


Solving  thi9  equation  for  FL  gives 


R  *  is  the  expression  for  the  input-current 
limiting  realtor  which  gives  a  minimum  in 
a^so  a  min^muiD  in  power  disoipaticn 
(*CRC'J  such  u  minimum  exists.  The  ex¬ 
pression  for  power  dissipation  1b  obtained  by 
multiplying  equation  ( 2 )  by  Ip2.  Therefore 

i<k _ 

- j - i - N 

S  CBO  0.25(11-1) 

*  rc  Vc 


B.  Collector  Current(lc) 


Substituting  equation  (5)  into  (k) 


(Ua)  I* 

" _ 0-g?(M-l) _ 

-V 

rC-M-f  4- 

“I  *i 

CBO  3 

7r*5J 

n 

j 

j 

Differentiating  this  expression  with 
respect  to  I  ,  maintaining  S/9,  I  .  M 
and  N  constant,  setting  the  derivative 
equal  to  zero  and  solving  for  I„,  the 
following  is  obtained.  w 


I  *  is  the  expression  for  the  collector  current 
which  gives  a  minimum  in  power  dissipation. 
Minimum  power  dissipation  will  be  designated 
as  (IC2RC)*. 

When  (5)  la  substituted  Into  (?)  R,* 
reduces  to 

(6)  a  »=  0.2?(M-l) 

1  :CB0 

The  expressions  ('>)  and  (6)  for  the 
collector  current  (lc»)  and  the  input- 
current  limiting  resistor  (i^*)  when 
substituted  in  equation  (4) (power 
dissipation)  give  a  minimum  In  power 
disslpation(lr,eRc)*. 

Relationship  of  Minimum  Power  Dissipation 
to  Variables  ~ 


Using  the  derived  expressions  for 
Rp*  and  Ic*1  a  program  of  moderate 
complexity  wsb  devised  for  the  TW  70 ;i 
Computer  to  calculate  minimum  nower 
dissipation  as  a  function  of  iQgr  (base  to 
collector  leakage  current),  B/S  (Base 
to  collector  current  gain  with  safety 
factor),  M  (number  of  Input  circuits), 
and  N  (number  of  output  circuits).  The 
computed  values  provide  sufficient  data 
for  the  creation  of  informative  graphical 
results. 

Referring  to  Figure  it  is  seen 
that  minimum  power  dissipation  decreases 
with  a  decrease  lr.  the  number  of  output 
circuits.  The  minimum  power  dissipation 
decreases  with  an  Increase  in  B/S,  and 
this  decrease  approaches  a  limit  as  B/3 
becomes  Infinite.  Using  the  expressions 
for  1^*  and  one  con  calculate: 

Lim  (IC2RC>*  =  ANfM-Dl^ 


3 i/S-*  ® 

It  is  also  interesting  to  note  that  as 
N  decreases  to  1,  3/s  becomes  decreasingly 
significant  in  the  determination  cf 
minimus  power  dissipation. 

Referring  to  Figure  one  can  see 
that  I  *  (the  collector  current  which 
gives  a  minimum  in  power  dissipation) 
ol. so  decreases  with  a  decrease  in  the 
number  of  output  circuits.  I  *  decreases 
with  an  increase  in  B^S  and  this  decrease 
approaches  a  limit  as  B/S  becomes  infinite. 
One  can  calculate  this  limit  to  be: 
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Llm  V*  4N  *00 

B/S  — i»  «. 

Again  it  is  intereating  to  note 
that  as  N  decreases  to  1,  B/S  becomes 
decreaslngly  significant  in  the  deter- 
mlniation  of  the  collector  current 
which  gives  a  minimum  in  power 
dissipation. 

From  the  equation  (b),  it  is 
readily  observed  that  I  *  is  linearly 
related  to  1^: 

V  =  VcBO  vhere  K1  =  f<N'3/B> 

Using  this  fact  along  with  equation  (6), 
it  can  also  be  determined  that  minimum 
power  dissipation  is  linearly  related 
to  and  0.25(M-l): 

(VV*  ’  K2°-25(M-1)ICB0 

where  K.,,  =  F(N,3/B) 


Then  the  collector  resistor 


Ka  o.25  (M-i) 
c"  ~ 

xc 

-  (vty 

_  0.25(H-1) 

0  T 

K:  xCB0 


The  collector  supply  voltage: 

vcc  =  Vc 


therefore 

vcc=kiicbo 


*j2_  0.25(M-1) 

2  1 
Kx  CBO 


tion  may  be  correlated  and  used  to  design  a 
NOR  circuit  for  minimum  power  dissipation. 
Specifically  If  a  transistor  NOR  circuit  is  to 


(N  =  9),  employ  transistors  with  Betas  of 
50  (b  =  50),  and  Ipp^'s  of  10~^  amperes, 
correct  values  of  R  ,  I  and  R  can  be 
ascertained  to  effect  minimum  power  dissipation. 
For  this  particular  design  situation  a  safety 
factor  of  2  is  employed.  The  B/S  factor  is 
therefore  25-  The  values  of  X  ,  B,  and  M 
used  in  this  typical  example  were  chosen  be¬ 
cause  of  their  practicability  to  current  design 
situations.  The  value  of  N  was  chosen  because 
the  assumptions  made  in  the  Introduction  are 
less  valid  for  lower  valuea  of  N. 


If  expressions  (5)  for  I  *  and  (6)  for  R  * 
along  with  the  above  values  ror  I/wy  B/S, 

M  and  N  are  substituted  in  the  power  dissi¬ 
pation  expression  (M  a  minimum  value  of  power 
dissipation  can  be  determined.  The  calculations 
yield 

R,»  =  0.S5(M-1)  =  .25  x  106  obma  =  250K 
iCB0 

and 

I„*  =  .047  x  10~3  amperes  °  47  |la 
Therefore  minimum  power  dissipation  using  eq.(4) 
(Ic2Rc)*  =  .177  x  10‘3  watts  =  177  u  watts 
The  collector  supply  is  then  calculated  to  be 

V„  *  _JL!±_=  .177  x  IQ'3  watts  =  5. 75  v 

CC  j  ~ 

C  .0^7  x  10  amperes 

Consequently 


R.  -  VCC  -  5-75  V _ =  79* 

C  .0*7  x  10  ^  amperes 

To  show  that  expression  (1)  is  satisfied  for 
this  design,  the  specified  values  are  substi¬ 
tuted  into  (l).  This  substitution  yields  the 
necessary  equality.  Therefore,  the  desigr  is 
valid  for  satisfactory  circuit  operation. 

As  was  mentioned  in  the  Introduction,  it  was 
assumed  in  deriving  expression  (l)  that 

V  and  that  <<:  However,  if  these 

assumptions  are  not  roaae,  then  equation  *,1) 
becomes 


or  simply 


vcc=^  x  C.25(M-l) 


Typical  Design  of  NOR  Circuit  For  Minimum 
Power  Dissipation 


The  information  given  in  the  previous  sec- 


Then  if  the  specified  values  used  In  the  above 
typical  example  are  substituted  in  (7)  it  is 
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found  that  the  number  of  auceeding  NOR  circuits 
that  can  be  driven  by  a  NOR  circuit  is  eight  as 
opposed  to  the  nine  outputs  that  was  desired. 
Therefore,  this  error  can  be  compensated  fcr  by 
designing  for  an  N  greater  than  the  actual 
desired  N. 

Conclusion 

For  ’«•  _  «  V  and  for  I™  «  Ic 
expressions  ver  ^derived  for  the  input 
current  limiting  resistor  (R  *)  and  for 
the  maximum  current  flowing  In  the  col¬ 
lector  resistor  (1^*)  which  give  a  mini¬ 
mum  in  power  dissipation.  It  was  shown  that  a 
minimum  in  power  dissipation  does  exist. 
However,  when  the  base  voltage  (V.  )  is  not 
very  much  smaller  than  the  transistor  col¬ 
lector  bias  (Vcc)  end  the  leakage  current 
is  not  very  mucn  smaller  than  the  maximum 
current  flowing  in  the  collector  resistor, 
the  expressions  for  R  *  and  I-,*  are  net 
completely  valid,  particularly  when  a  NOR 
circuit  design  employs  a  small  number  of 
output  circuits  and  when  high  Beta  trans¬ 
istors  are  being  used.  Future  study  will 
be  conducted  relative*  to  designing  a  NCR 
circuit  for  minimum  power  dissipation  when 
VBE  la  not  «VCC  and  1^  is  not  «  I,,. 
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FINE- LINE  ETCHED  WIRING 


Edith  M.  Davies 

Diamond  Ordnance  Fuze  Laboratories,  Washington  25,  D.  C. 

In  order  to  facilitate  the  Interconnection  of  microminiature  components  artrf  sub¬ 
assemblies,  an  Investigation  vas  made  of  techniques  for  producing  fine-line  conductors 
By  careful  control  of  certain  of  the  variables  present  in  the  normal  photo  resist  and 
etching  process,  a  pattern  consisting  of  2.5-mil-vide  lines  with  2.5-ndl-wlde  s pacings 
between  the  lines  vas  successfully  reproduced  on  copper-clad  laminates  although  under¬ 
cutting  of  the  1.35- mil- thick  copper  reduced  the  line  width  to  about  one  mil. 

As  a  corollary  to  the  above  work,  copper  films,  0.3  to  0.6  mil  in  thickness,  were 
chemically  deposited  on  plastic,  and  lines  as  narrow  sis  2.5  mils,  with  2.5-mil-vido 
spaclngs  between  them,  were  etched  In  these  films  with  negligible  undercutting  and 
without  breaks  or  bridges. 

Conductors  10  mils  In  width  but  having  4-mll-wlde  spacing  had  been  produced 
previously  by  electroetching  precious  metals  deposited  on  glass.  An  electroetching 
technique  was  necessary  because  chemical  etching  of  precious  metals  would  require  the 
use  of  strong  acids  which  would  degrade  the  photo  resist. 

Need  for  still  finer  line  etched  wiring  Is  not  anticipated  but  techniques  for 
producing  fine-line  printed  wiring  by  "silk"-screening  need  to  be  developed. 


INTRODUCTION 

The  recent  emphasis  on  the  microminiature 
packaging  of  electronic  circuits  has  necessi¬ 
tated  a  reevaluation  of  current  processing 
techniques  to  determine  their  limitations  and 
capabilities. 

A  typical  etched  circuit  board  bears  copper 
conductors  which  vary  in  width  from  30  to  over 
60  mils  with  a  minimum  spacing  between  conduc¬ 
tors  of  about  30  mils.  In  low-power,  low- 
voltage  circuits,  however,  these  "minimum"  widths 
can  undergo  appreciable  reduction  without  im¬ 
pairing  the  operation  of  the  assembled  circuit. 
With  such  a  reduction,  techniques  for  preparing 
the  conductor  become  critical. 

In  a  recent  article,  Overaa(l)  reported  the 
results  of  a  survey  to  determine  the  capability 
of  the  printed  circuit  industry  to  produce  fine- 
line  conductors  with  fine-line  inter- conductor 
apacings.  The  narrowest  line  and  spacing  used 
were  0.2  mm  (7.0  mils)  in  width.  The  general 
conclusion  of  the  survey  was  that  the  photo  en¬ 
graving  process  is  capable  of  producing  such 
small  elements  but  that  the  majority  of  the 
commercial  fabricators  do  not  exercise  sufficient 
process  control  to  produce  them. 

About  a  year  ago,  a  need  arose  in  theBe 
laboratories  for  a  method  of  preparing  fine-line 
conductors  from  a  precious  metal  which  had  been 
vacuum  depo8ited  on  a  glass  insulator.  An 
electroetching  procedure  vaB  developed.  The 
particular  pattern  that  was  required,  and  which 
was  reproduced,  comprised  a  10-mil-vide  conductor 
having  4-mll-vide  spaclngs.  Because  of  this 
work  it  was  believed  that  it  should  be  possible 
to  chemically  etch  at  least  as  fine  lines  in 
copper. 

Work  vaB  then  instituted  to  determine:  (i) 
how  fine  a  line  could  be  resolved  and  chemically 
etched  in  copper,  and  (2)  which  processing 


variables  lad  the  greatest  effect  on  the  final 
results.  This  recent  work  vaB  divided  into  two 
parts;  (l)  uheioiual  etching  of  copper-clad 
laminates,  and  (2)  chemical  etching  of  chemically 
deposited  copper.  The  results  of  this  work  are 
giver,  herein,  together  with  a  description  of  the 
earlier  work  on  electroetching  of  a  precious 
metal  on  a  glass  insulator. 

The  photo  resist  processes  used  in  this  work 
deviated  only  slightly  from  the  normal  tech¬ 
niques'2^  used  in  the  printed  circuit  industry. 
The  methods  uBed  for  the  chemical  etching  of 
copper  were  alBO  based  on  normal  industrial 
procedures '5, 4) ,  The  etchant  used  for  the 
electroetching  of  precious  metals  was  derived 
from  a  publication! 5)  on  stripping  metallic 
coatings  but,  as  indicated  above,  the  electro- 
etching  procedure  itself  was  developed  in  these 
Laboratori os . 

EXPERIMENTAL  METHODS 

A.  Preparation  of  Test  Patterns 

1.  For  recent  work  on  copper. 

The  original  layout  for  the  test  pattern 
was  made  on  a  sheet  of  stiff  white  Bristol 
board  of  area  23  x  39  inches.  Thirty-six  strips 
of  black  adhesive  tape  0.25  inch  in  width  were 
laid  down  on  this  board  in  parallel  strips  0.25 
Inch  apart,  and  selected  ends  were  connected  so 
as  to  form  two  adjacent  continuous  lines  which 
zlg-zagged  back  and  forth  across  the  length  of 
the  board. 

The  outside  line  was  664.25  Inches  long  while 
the  Inside  one  was  661.75  inches  long;  hence, 
for  the  two  0.25- inch -vide  lines,  tne  length-to- 
vidth  ratios  were  respectively:  2657:1  and 
2647:1. 

The  final  layout  vas  then  photographed  and 
reduced  25,  50,  and  100  times  to  give  negatives 
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having  equal  line-and-space  widths  of,  respec¬ 
tively,  10  nils,  5  nils  and  2.5  nils.  The  three 
patterns  are  shown  in  Figure  1. 


specified  beforehand  end  had  been  made  by  milling 
a  rigid  five-ply  black-and-white- layered  plastic 
laminate  through  the  black  Burface  to  the  first 
white  ply  beneath  it.  The  laminate  was  about  12 
inches  long  by  about  2  inches  wide  and  the  white 
line  milled  into  it  was  designed  to  produce 
two  separate  electrodes  in  oomewhat  the  configura¬ 
tion  of  two  black  ccmbs  laid  down  in  the  3ame 
plane  with  their  teeth  interlocked.  The  line 
was  bent  180*  at  7/l6-inch-long  intervals  to 
form  the  teeth  cf  the  pattern.  After  milling  the 
pattern  into  the  laminnte,  it  waB  photographed 
and  reduced  to  give  a  pattern  about  the  si2e  of 
the  normal  glaBB  Bl'de  employed  in  light 
microscopy  (Bee  Fig.  2).  In  the  negative  of 
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Figure  1.  Test  patterns  Cor  fine-line  etching: 

top,  10-mil-wide  lines  with  10-mil¬ 
wide  s pacings;  lower  right,  5-mi  1- wide  lines  with 
5-mil-vide  spaeingsj  lover  left,  2.5-mil-vide- 
llnes  with  2. 5- mil-wide  spacings. 


Figure  2.  Pattern  for  fine- line  etching:  10- 

mi  1-wide  lines  with  4-mil- vide  spacings 


this  pattern,  the  single  black  line  was  4  mils 
in  width  and  the  transparent  gaps  were  10  mils 
in  width. 

B.  Fine  LlneB  Produced  by  Chemical  Etching  of 
Copper- clad  Laminates. 


Since  the  length- to- width  ration  for  each  of 
the  two  lines  remained  constant,  regardless  of 
the  size  of  the  pattern,  the  resistance  of  the 
two  lines  also  remained  constant  and  it  was 
possible  to  compare  etching  results  directly  by 
use  of  the  following  formula: 

R  ■=  pL 
VT 

where  R  =  resistance,  p  **  resistivity,  and  L,  W, 
and  T  are  tne  size  parameters  or  the  conductor. 


1.  Cleaning  specimens  of  •  'fper-cled 
laminate. 

Squ&reB  approximately  1.75  x  1.75  inches 
in  area  were  cut  from  commercial  1/32- inch -thick 
epoxy- gla 8 s- cloth  laminate  clad  with  "l-oz" 
copper  (1.35  mils  in  thickness).  Any  Bquares 
which  had  visible  scratches,  pits,  or  other  de¬ 
fects,  were  discarded.  The  squares  were  degreased 
in  the  vapors  of  boiling  trichloroethylene,  dipped 
for  five  seconds  in  a  10#  solution  of  hydrochloric 
acid  to  remove  oxides,  washed,  and  dried. 


For  example,  for  patterns  etched  in  "l-oz" 
copper- clad  laminates,  the  following  values  were 
substituted  in  the  above  equation:  p  =  1.7241u8- 
cm  (for  copper).  T  »  1.35  mile  (for  "l-oz"  copper- 
clad  laminates) ,  and  the  appropriate  length  and 
width  of  the  llneB  of  one  of  the  patterns.  Then 
the  theoretical  resistance,  R,  was  calculated  to 
be  1.336s  for  the  outside  line  of  the  pattern 
and  1.3318  for  the  shorter  inside  line;  and,  for 
copper  film-3  only  0.45  mil  in  thickness,  the 
respective  values  were  calculated  to  be  4.008  8 
and  3.993  8  . 

2.  For  earlier  work  or.  precious  metals. 

The  pattern  used  in  this  work  had  teen 


2.  Application  of  resist  to  laminates. 

Throughout  all  cf  this  work  every  effort 
was  made  to  keep  the  laminates  and  negatives  as 
free  of  dust  as  possible,  particularly  when  the 
laminates  were  coated  with  wet  resist  or  when 
the  dried  resist  was  being  exposed  to  light 
through  the  negative,  the  resist  itself  was  a 
commercial  solution  which  was  filtered  prior  tc 
use  to  remove  any  sediment  or  other  foreign 
matter. 

The  arms  of  the  turntable  shown  in  Figure  3 
were  covered  with  two-sided  adhesive  tape,  the 
squares  of  laminate  were  laid  on  the  arms,  and 
resist  was  poured  over  the  top  surface  of  each 
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Figure  3.  Variable- speed  vhirler  for  application 
of  thin  films  of  resist  to  surfaces 
of  laminates. 

piece  of  laminate.  The  cover  was  put  on  the 
whirler  and.  the  arms  were  vhirled  for  2  minutes 
at  room  temperature  and  aL  speeds  of  50,  100,  or 
200  rpm.  The  speed  of  the  turntable  was  then 
brought  to  200  rpm  and  an  infrared  lamp  vaa 
trained  on  the  whirling  armn  for  an  additional 
3  minutes,  at  which  time  the  coated  surfaces 
were  dry. 

Other  similar  squares  of  Laminate  were  dipped 
in  resist,  allowed  to  drain  in  the  dark  for  2 
minutes  at  room  temperature,  and  then  dried  in 
an  oven  at  60°C  for  3  minutes.  Two  ovens  were 
used;  one  was  a  mechanical  ccnvection-type 
yielding  circulating  air  and  the  other  was  the 
more  conventional  gravity  ccnvection-type 
yielding  relatively  still  air. 

3.  Exposure  of  sensitized  laminates. 

The  negative  was  laid  on  the  glass  plate 
of  the  commercial  vacuum- frame- type  printer,  as 
shown  in  Figure  4,  with  the  emulsion  side  up. 

The  dried  sensitized  test  plates  were  then  laid 
on  the  negative  with  the  resist- coated  side 
against  the  negative.  In  this  position,  the 
negative- Laminate  assembly  was  located  about  12 
inches  above  the  carbon  arc  lamp  shown  in  the 
bottom  of  the  printer.  The  hinged  lid  was 
closed,  the  apace  between  the  lid  and  the  glass 
was  evacuated,  the  arc  was  struck,  and  the 
specimens  were  exposed  to  the  carbon  arc  for  1 
minute . 

In  order  to  compare  the  resolution  to  be 
obtained  when  contact  between  negative  and 
resist- coated  laminate  ie  mode  by  vacuum,  as 
described  above,  with  the  resolution  to  be 
obtained  when  only  contact  pressure  is  applied, 
two  plate 3  which  had  been  dip  coated  and  dried 
in  the  gravity- convection- type  oven  were 
covered  with  negatives  ar.d  placed  negative  side 
down  as  before  cn  the  glass  cf  the  vacuum  frame 
directly  above  the  carbon  arc  lamp.  Instead  of 


closing  the  frame  and  evacuating  the  enclosure, 
however,  a  sheet  of  glass  was  placed  over  the 
piece 8  of  laminate  and  weighted  with  two  one- 
kilogram  weights.  Then  the  pieces  were  exposed 
to  the  arc  for  one  mir.ute. 


Figure  4.  Commercial  vacuum- frame- type  printer 
showing  carbon  arc  in  bottom  of 
printer  and  a  negative  of  one  of  the  teat  patterns 
positioned  on  top  of  glass  of  frame. 

4.  Development  of  pattern  o:i  laminates. 

The  pieces  described  above  were  developed 
by  suspending  them  in  the  vapors  of  boiling 
trichloroethylene.  From  0.75  to  one  minute  was 
required  to  remove  all  of  the  unexposed  resist 
and  produce  a  sharply  defined  pattern.  The 
developed  plateB  were  then  heated  for  5  minutes 
at  60°C. 

Additional  pieces  of  laminate  which  had  been 
dip-coated  with  resist,  dried  in  the  gravity- 
couvectior.-  type  oven,  and  exposed  for  one  minute 
in  the  vacuum  frame  were  used  to  teBt  two 
developers  ir.  the  liquid  Btate.  The  pieces  were 
immersed  ir.  the  liquid  at  room  temperature  for 
the  lengths  of  time  shown  in  Table  I.  The 

Table  I.-  Developers  tested 

Time  applied. 


Developer 

minutes 

Tri  chloroethyler.e 

vapor 

1 

Tri chloroethylene 

vapor 

2 

Trichloroethylene 

liquid 

1 

Tri chloroethylene 

'  qul  d 

2 

Commercial  liquid 

buppl led 

2 

for  the  commercial 
resist  employed 
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developers  were  agitated  by  rocking  the  con¬ 
tainers.  The  units  so  developed  were  then 
rinsed  In  running  vater  and  dried  for  5  minutes 
at  60*C. 

Some  additional  plates  were  developed  in  the 
vapors  of  boiling  trichloroethylene  but  were 
not  heated  prior  to  etching. 

5.  Etching  of  pattern  on  laminates. 

A  solution  of  ammonium  persulfate  was 
prepared  and  warmed  to  about  70 “C.-  The  warm 
solution  was  placed  in  a  small  bubble  etcher 
which  consisted  of  a  water-jacketed  glass  funnel 
having  a  fritted  glass  bottom  (see  Figure  5). 

Hot  water  was  circulated  through  the  jacket  and 
a  stream  of  air  was  passed  up  through  the  fritted 
glass  hy  means  of  an  air  line  connected  to  the 
bottom  outlet  of  the  funnel.  The  flow  of  air  was 
regulated  to  provide  continuous  bubbling  over  the 
entire  surface  of  the  etchant. 

The  pieces  of  laminate  were  dropped  into  the 
etcher  pattern-side  down  and  were  held  suspended 
on  the  surface  of  the  liquid  by  the  force  of  the 
bubbling  action.  The  unwanted  copper  was  etched 
away  in  1.5  to  2  minutes. 

After  the  pieces  were  etched,  they  were  washed 
in  running  vater  and  allowed  to  dry  without 
wiping  or  blotting  so  that  the  resist  on  the 
copper  pattern  was  undisturbed. 

6.  Testing  of  pattern  on  laminates. 

The  width  of  the  lines  of  patterns 
developed  in  the  vapors  of  trichloroethylene  was 


measured  with  a  microscope  equipped  with  a  microm¬ 
eter  eyepiece.  The  resist  was  removed  from  the 
terminal  points  and  measurements  of  the  resist¬ 
ance  of  the  copper  lines  were  then  made  on  a 
digital  ohmmeter;  results  are  given  in  Tables  II 
and  III. 


Figure  5.  Bubble  etcher  comprising  a  water- 
jacketed  glass  funnel  containing  a 
fritted  glass  bottom  up  through  which  compressed 
air  Is  forced. 


Table  H. -Effect  of  variations  in  the  method  of  applying,  drying  and  exposing  the  resist  upon  the 
average  resistance  of  conductors  etched  on  coppcr-clad  laminates. 


Average  resistance,  ohms  1 

treatment  of  reoiat 

Line  width,  mils 

1.  Wbirler  coating  at  designated  rpm 

10(a) 

io(» 

Ha 

sOO 

50 

1.7 

1.7 

1.9 

1.9 

(c) 

100 

1.6 

1.6 

1.9 

1.9 

(c) 

200 

1.6 

1.7 

2.0 

2.0 

(c) 

(c) 

2.  Dip  coating  in  designated  over. 

3.c(d> 

3.1(d) 

Oravity  convection-type 

1.7 

1.7 

2.0 

2.0 

lilw 

Mechanical  convection- type 

1.7 

1.7 

g-i 

2.1 

3.  Type  of  pressure  during  exposure 

Weights 

Vacuum 

1.6 

1.9 

1.6 

1.9 

l.£)(d) 

2.2 

1.9(d) 

2.2 

m 

2?9(d) 

(a)  OutBlde  line  oi  pattern,  length- to-width  ratio  of  2657:1. 

(b)  Inside  line  of  pattern,  length- to- width  ratio  of  2647:1. 

(c)  Unmeasurable  because  of  open  conductors  or  bridges  between  conductors. 

(d)  Only  one  of  the  two  specimens  was  satisfactory. 
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•» , 
g  f 
#  l 


Table  III . -Effect  of  varying  the  developer  upon  the  average  resistance  of  conductors  etched  on 
copper- clad  laminates. 


(a)  Outside  line  of  pattern,  length -to- width  ratio  of  2CS7: 1. 

(b)  Inside  line  of  pattern,  3 ength-to-vldth  ratio  of  2647:1. 
(e)  Infinite  resistance  due  to  breaks  in  conductors. 

(d)  Only  one  of  the  tvc  specimens  was  satisfactory. 


Fine  Lines  Produced  by  Chemical  Ft chin 


3.  Exposure  and  development  of  pattern 
on  resin  specimens. 


1.  Depositing  copper  on  resin  specimens. 

A  dozen  disks  of  cured  epoxy  resin  2 
Inches  in  diameter  and  1/4  inch  in  thickness  were 
3anded  on  one  surface  to  produce  a  uniform  matte 
finish.  They  were  cleaned  with  a  commercial 
cleaning  powder,  rinsed,  and  then  heated  in 
several  changes  of  water.  The  commercial  pro¬ 
duct  (6)  uoe<i  tor  chemical  deposition  of  the 
copper  was  supplied  in  the  form  of  concentrates 
from  which  three  solutions  were  prepared  by  the 
addition  of  suitable  amounts  of  distilled  water. 
The  clean  plastic  disks  were  immersed  in  the 
first  solution  for  2  minutes,  rinsed  thoroughly 
in  cold  running  tap  water,  immersed  in  the  second 
solution  for  2  minutes,  again  rinsed  thoroughly 
in  running  water,  and  finally  immersed  for  15 
minutes  in  the  third  solution.  It  is  believed 
that  the  third  solution  is  essentially  a 
modified  Fehling  solution  with  formaldehyde  as 
the  reducing  agent.  The  first  two  solutions 
prepared  the  surface  of  the  plastic  for  the 
reception  of  the  copper  and  the  third  solution 
deposited  the  copper  film  which,  after  washing 
and  drying,  was  a  dull  dark  copper  color. 

2.  Application  of  resist  to  resir. 
specimens. 

Because  of  the  relatively  porous  nature  of 
the  deposited  film,  all  resist  was  applied  by  uip- 
coating.  This  method  gave  a  slightly  thicker 
film  than  that  produced  by  the  whirler.  The 
method  of  dip-coating  was  the  sane  aa  that  de¬ 
scribed  previously  for  use  in  the  gravity  con¬ 
vection  oven.  However,  some  disks  were  given  one 
coat  of  resist,  dried,  and  then  giver,  a  second 
coat. 


The  procedures  of  exposure  and  development 
were  the  same  as  those  described  previously  for 
the  majority  of  the  laminate  samples.  The  dry 
sensitized  disks  were  covered  with  the  negative, 
placed  in  the  vacuum  frame,  and  exposed  to  the 
caxbon  arc  for  one  minute.  The  patterns  were 
then  developed  by  suspending  the  diskB  in  the 
vaporB  of  boiling  trichloroethylene  for  45  to  60 
BecondB . 


4.  Etching  of  pattern  on  reBln  specimens. 

The  bubble  etcher  was  not  used  for  etching 
these  films.  Instead,  the  pieces  were  immersed 
in  a  petri  disk  containing  vara  40)1  ferric 
chloride  because  the  time  of  etching  of  the  thin 
copper  filmB  could  be  more  easily  controlled  with 
this  simpler  apparatus.  After  10  to  15  seconds, 
the  unwanted  copper  had  etched  away.  The  disks 
were  then  washed  and  allowed  to  dry. 

5.  Testing  of  pattern  on  resin  specimens. 

The  resist  was  removed  from  the  terminal 
points  of  the  patterns  and  resistance  measure¬ 
ments  were  made.  The  average  resistance  of  the 
5-mil-wide  lines  was  150  ohms  and  that  of  the 
2.5-mil-wide  lines  was  195  ohms. 

Because  of  the  unexpectedly  high  resistance 
values,  one  of  the  patterned  diskB  was  en¬ 
capsulated  lr.  epoxy  resin  to  protect  the  copper 
and  sliced  to  reveal  its  cross  section. 
Although  the  thickness  of  the  film  was  variable 
due  tc  the  matte  finish  of  the  disk,  its  thick- 
necs  was  measured  under  s  microscope  and  found 
to  be  ca.  0,3  to  0.6  mil. 
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Attempts  to  measure  the  thickness  with  an 
interferometer  failed  due  to  the  matte  finish  of 
the  disk. 

6.  Electroplating  of  the  chemically- 
deposited  copper. 

An  effort  was  made  to  improve  the  continu¬ 
ity  of  the  deposited  copper  films  with  a  thir. 
copper  plating.  The  patterns  were  removed  from 
some  of  the  plastic  disks  by  abrading  them  with 
sand  papier.  The  disks  were  then  thoroughly 
cleaned  and  recoated  with  copper,  as  described 
previously.  A  plating  bath  consisting  cf  350 
ml  of  water,  fiO  g  of  CuS04,  and  22  m':  nf  cone. 
H0SO4  was  prepared.  The  disks  were  plated  In 
this  bath  for  5  minutes  at  a  current  density  of 
17  amp/sq  ft.  Two  coats  of  resist  were  applied 
to  the  disks  and  then  they  were  exposed, 
developed,  and  etched  as  before.  The  average 
resistance  of  the  2.5-mil-wlde  lines  was  now 
25  to  35  ohms  and  that  of  the  S-mil-vide  lines 
was  35  to  45  ohms.  The  thickness  of  the  plated 
film  was  uot  appreciably  greater  than  that  of 
the  unplated  film  but  the  plated  film  appeared 
to  be  less  porous. 

D.  Pine  Lines  Produced  by  Electroetching 

of  Precious  Metals  on  Glass. 

1.  Application  of  pattern  to  metallized 
glass. 

The  substrate  in  this  case  consisted  of 
a  glass  slide  on  which  a  thin  film  of  palladium 
had  been  deposited  by  vacuum  evaporation 
techniques.  Such  a  metallized  glass  slide  is 
shown  in  Figure  6a. 

The  slides  were  degreased  in  the  vapors  of 
boiling  trichloroethylene,  cooled  to  room 
temperature,  and  dipped  ir.  a  filtered  bubble- 
free  solution  of  resist.  They  were  stood  on 
end,  allowed  to  drain  briefly  in  the  dark  at 
room  temperature,  and  were  then  placed  in  or. 
oven  at  50 °C  to  dry.  Then  they  were  dipped 
again  in  resist,  stood  or.  the  opposite  er.d,  and 
drained  and  dried  in  the  dark. 

A  dried  slide  was  aligned  with  the  .negative, 
placed  in  a  small  laboratory- built  vacuum 
frame,  and  exposed  to  a  s-xi  bulb  at  a  distance 
of  seven  inches  for  three  minutes. 

The  pattern  was  developed  ir.  the  vapors  of 
boiling  trichloroethylene. 

2.  Attempts  r.t  chemical  etching  of 
palladium 

Although  palladium  is  soluble  in  both 
aqua  regia  ar.d  hot  nitric  acid,  previous 
experience  in  etching  had  shown  t?:at  the  resist 
tended  to  break  aowr.  in  these  acids  so  neither 
of  them  was  tested.  A  bath  cf  hot  sulfuric 
acid  dissolved  the  palladium  but  r.iuu  attacked 
the  resist.  Cold  sulfuric  and  hydrochloric 
acids  either  did  not  neev.  ■  o  etch,  the  kLe.,  or 
else  were  so  slow  as  to  be  impractical.  Methods 


of  etching  other  than  chemical  methods  were 
indicated. 

3.  Electroetching  cf  palladium. 

A  narrow  strip  of  resiBt  was  cleaned 
from  one  end  of  the  patterned  slides  in  order 
to  bare  the  palladium.  A  low- curl ng-temperature 
silver  paint  was  applied  to  this  area  and  dried 
in  an  oven  at  50°C . 

A  patterned  slide  was  then  placed  in  a  5- 
perccnt  solution  of  hydrochloric  acid  and 
connected  as  the  anode  of  a  cell  while  a  bar  of 
Bteel  served  as  the  cathode.  When  current  was 
applied,  gassing  began  and  became  vigorous  as 
the  current  was  raised.  The  reBist  broke  down 
before  any  patterns  were  completely  etched 
through . 

Next,  a  bath  containing  a  71  percent  solution 
of  sulfuric  acid  vaB  set  up  with  the  work  as  the 
anode  and  a  steel  bar  as  the  cathode.  Various 
current  densities  from  0.42  to  1  amp/sq  in.  were 
tested.  Seme  gaBBir.g  occurred  but  it  was  much 
leas  vigorous  than  that  obtained  ir.  the  hydro¬ 
chloric  acid  bath.  However,  the  pattern  etched 
through  along  the  upper  third  of  the  slide  be¬ 
fore  any  etching  occurred  along  the  bottom 
portions  of  the  slide. 

The  negative  by  which  the  pattern  had  beer, 
placed  on  the  slide  was  modified  to  contain  an 
opaque  strip  completely  around,  and  about  1/4 
Inch  from,  the  outermost  edges  of  the  pattern. 

A  sensitized  slide  was  exposed  throu^i  thiB 
negative  and  developed.  A  Btrip  free  of  resist 
now  Burrounded  the  pattern.  A  low-curing- 
temperature  Bilver  paint  was  applied  to  this 
Btrip  to  form  a  large  peripheral  electrode. 

The  silver  was  covered  with  microcrystalli ne  wax 
before  placing  the  slide  in  the  bath.  A  Blide 
so  prepared  for  etching  is  Bhown  in  Figure 
6b.  Slides  treated  in  thiB  manner  etched  more 
evenly  than  before  but  the  center  longitudinal 
area  farthest  from  the  electrode  connection  was 
still  the  last  to  etch.  However,  cr.  using  a 
current  density  cf  C.73  amp/sq  In.  (350  ma  for 
this  pattern),  ar.d  reducing  the  current  roughly 
50  ma  every  30  to  60  seconds,  slides  were 
obtained  in  which  the  patterned  area  was  com¬ 
pletely  etched  through  and  no  breaks  appeared 
in  the  remaining  metallic  film.  The  need  for 
3tepwise  etching  was  found  to  depend  or.  the 
uniformity  of  thickness  of  the  metallic  fi _rc, 
i.e.  non-uniform  films  always  required  several 
stepwise  reductions  in  current  to  etch  the 
pattern  satisfactorily. 

Etched  slices  were  removed  from  the  bath, 
washed  in  running  water,  and  dried.  They  were 
then  held  in  the  vapors  of  boiling  trichloro¬ 
ethylene  until  all  the  wax  was  removed.  Cotton 
was  then  dipped  i.-.tc  clear,  solvent  and  rubbed 
gently  over  the  surface  of  the  slide.  This 
latter  treatment  removed  both  the  resist  and  the 
silver  because  the  resir.  binder  in  the  sliver 
paint  had  been  extracted  from  the  paint  during 
•■ic  vapor  treatment  to  remove  wax.  A  sample 
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finished  slide  la  shown  In  Figure  6c. 


IbJ  Metallized  glass  suae  Dearing  resist, 
electrode  pattern  (not  visible),  and 
silver  peripheral  electrode  protected 
with  wax. 


(c)  Finished  palladium  electrodes  on  glass, 
after  electroetching  and  removal  of  wax, 
resist,  and  silver. 


Figure  6.  Step-by-step  procedure  of  preparing 
palladium  electrodes  on  a  glass 
substrate  by  electroetching  methods. 


4.  Testing  of  palladium  electrodes. 

Microscopic  examination  of  the  finished 
electrodes  showed  that  the  average  line  width  of 
the  individual  bars  of  pailedUim  that  formed  the 
"teeth"  of  the  pattern  was  10  mils.  Microscopic 
measurements  on  the  negative  of  the  pattern 
yielded  a  similar  line-width  value,  thus  in¬ 
dicating  that  undercutting  during  etching  was 
negligible. 


resist  and,  as  seen  in  Table  II  there  was  no 
significant  difference  In  the  measured  re¬ 
sistance  of  these  copper  conductors.  However, 
as  the  line  width  was  reduced,  differences  due 
to  the  method  of  application  of  the  resist  began 
to  appear.  The  2.5-mil-vide  lines  and  spaces 
were  more  consietently  etched  without  breaks  in 
the  lines,  or  bridges  between  conductors,  when 
resist  was  applied  by  dipping  and  draining  than 
by  Stirling.  Although  one  might  expect  the 
beat  pattern  definition  to  be  obtained  with  very 
thin  coats  of  resist,  actually  the  best  defini¬ 
tion  was  obtained  with  the  thicker  dip-and- 
drain  coatings  probably  because  these  coatings 
had  better  physical  strength  and  hence  better 
adherence  to  the  copper.  Variations  In  the  type 
o?  oven  employed  to  dry  the  coatings  did  not 
yield  significantly  different  results. 

The  use  of  contact  pressure  during  exposure  of 
the  sensitized  plates  did  not  yield  aa 
satisfactory  results  as  the  UBe  of  a  vacuum 
frame,  as  Bhown  in  Table  It.  Although  all  the 
patterns  applied  under  contact  pressure  appeared 
to  develop  satisfactorily,  and  the  10-mll-wide 
lineB  also  etched  satisfactorily,  the  2.5-mil- 
wide  lines  were  badly  ...idercut  ef+er  etching  and 
no  continuous  conductors  of  this  Bize  were 
obtained.  Poor  contact  between  the  negative  and 
the  laminate  probably  led  to  ligjvt  scattering 
under  the  negative  and,  heneo,  to  variations  in  the 
width  of  the  lineB  being  printed,  ThiB  varia¬ 
tion  wao  also  observed  in  some  of  the  work 
reported  by  Overas(l)  where  a  spring-loaded 
printing  frame  was  used  Instead  of  a  vacuum 
frame.  On  large  Bheets  of  laminate,  where 
warpage  of  the  board  may  be  pronounced,  fine- 
line  patterns  would  be  even  more  difficult  to 
obtain  without  a  vacuum  frame. 

Table IH  slrws  the  results  obtained  on  varying 
the  developer.  The  most  acceptable  results  were 
obtained  with  trichloroethylene  vapors  as 
indicated  by  the  fact  that  conductors  etched 
with  them  gave  the  lowest  values,  i.e.  values 
vhich  most  nearly  approached  the  theoretical 
value  of  ca.  1.3  ohms.  With  these  vapors,  a 
developing-tlme  of  one  minute  was  superior  to  one 
of  two  ainuteB,  again  because  lower  resistance  of 
the  lines  resulted  after  one  minute.  Low  re¬ 
sistance  values  accompany  negligible  under¬ 
cutting  of  the  resist  during  the  etching  process. 


DISCUSSION 

A.  Fine  Lines  in  Copper- clad  Laminates  by 
Chemical  Etching 

The  dipping  process  of  applying  reels;  to 
copper-clad  laminates  produced  a  coating  which 
was  slightly  thicker  at  or.e  edge  of  the  plate  than 
at  the  other  due  to  the  vertical  draining  posi¬ 
tion  of  the  plates.  Whirling  produced  -a  more 
uniform  coating  which  varied  inversely  in  thick¬ 
ness  with  the  speed  of  the  turntable.  The 
patterns  developed  satisfactorily  or.  all  of  the 
plates  having  10-mll-wide  lines,  regardless  of 
the  net hoc  of  application  and  drying  of  the 


The  patterns  developed  in  liquid  trichloro¬ 
ethylene  were  not  only  mo  re  undercut  than  thos ; 
from  the  vapors,  but  were  also  blotchy,  and 
numerous  open  conductors  were  obtained, 
particularly  in  the  2.1-mil-wide  lines.  The 
conductors  developed  with  the  commercial 
developer  had  higher  resistances  than  those 
obtained  from  either  form  of  trichloroethylene; 
one  of  the  2. E-mil-wide  lines  was  continuous, 
but  had  relatively  higi  resistance,  while  the 
same  pattern  on  another  plate  was  almost 
completely  etched  away.  It  is  believed  that 
the  liquid  developers  have  a  detrimental  effect 
cr.  the  bond  between  the  resist  and  the  copper 
and  that  a  loss  of  adhesion  of  the  resist  occurs 
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at  the  edges  of  the  pattern.  The  etchant  is 
thus  able  to  penetrate  under  the  resist  during 
an  earlier  stage  of  etching  and  undercutting 
la  facilitated. 

When  the  developed  plates  vere  heated  after 
"being  removed  from  the  developer,  regardless  of 
which  developer  was  used,  less  undercutting  and 
"breakdowns  in  the  pattern  occurred  than  with  un¬ 
heated  plates. 

The  small  bubble  etcher  containing  hot 
ammonium  persulfate  provided  very  even  etching 
of  the  copper*  However,  on  some  of  the  test 
pieces,  the  5-  and  10-mil-wide  lines  were 
completely  etched  througi  in  a  matter  of  10  to 
15  seconds  before  the  same  condition  was 
reached  with  the  2.5-mil-wide  lines,  probably 
due  to  the  freer  flow  of  etchant  in  the  wider 
spaces.  Therefore,  the  comparatively  slower 
method  employing  ferric  chloride  was  preferred 
for  fine- line  work  in  cases  where  close  control 
of  the  temperature  and  time  in  the  bath  were 
necessary,  as  in  etching  the  thin  films  of 
depocited  copper. 

In  these  Laboratories,  data  are  not  yet 
available  which  will  allow  comparison  of  re¬ 
sults  obtained  with  the  bubble  etcher  with  .  . 
results  obtained  with  a  spray  etcher.  Overas' 
reported  that  "l-oz"  copper  can  be  etched  in 
3  minutes  by  spraying.  ThiB  is  a  longer  time 
than  was  required  in  these  Laboratories  with  the 
bubble  etcher,  but  Overas  used  ferric  chloride 
at  a  temperature  lower  than  the  65-70°C  used 
here  with  ammonium  persulfate.  In  either  case, 
in  order  to  prevent  excessive  undercutting,  very 
close  control  of  the  time  of  exposure  of  the 
laminate  to  the  etchant  would  be  necessary  when 
operating  at  elevated  temperatures. 

From  the  measurements  of  resistance  of  some 
of  the  conductors  contained  on  plates  which  had 
been  developed  in  the  vapore  of  trichloroethylene 
for  1  minute,  the  average  line  width  of  the 
conductors  etched  from  the  10-mil  pattern  was 
calculated  to  be  7.8  mils,  that  of  the  conductors 
produced  from  the  5-mil  pattern  3.4  mile,  and  that 
of  the  conductors  produced  from  the  2.5-mil 
pattern  1.1  mils.  The  microscopic  measurements 
shoved  the  average  line  width  for  the  10-mil 
pattern  to  be  8.8  mils,  that  for  the  5-mil 
pattern  to  be  3.6  mils,  and  that  for  the  2. 5-mil 
pattern  to  be  1.1  mi 1b*  The  apparent 
differences  for  the  wider  lines  are  probably 
due  to  undercutting  which  causes  the  cross- section 
of  the  conductor  to  lock  like  a  wedge,  rather  than 
a  rectangle.  The  wedge  would  not  be  detectable 
when  the  conductors  were  viewed  from  the  top,  but 
the  true  average  line  width  would  be  less  than 
the  apparent  line  width  measured  across  the  top 
of  the  conductor. 

S.  Fine  Lines  in  Deposited  Copper  by  Chemical 

Etching 

When  placing  patterns  on  the  thin  films  of 
copper  deposited  on  plastic,  it  was  necessary  to 
apply  two  coats  of  reBlst  in  order  to  cover  the 


porous  metal  in  a  continuous  film  of  resist. 

When  only  one  coat  of  resist  was  applied  to  the 
metal,  the  final  etched  pattern  was  usually  full 
of  pinholes.  Patterns  protected  with  two  coats 
etched  to  produce  few  obvious  pinholes  and  breaks 
in  the  lines. 

As  stated  previously,  the  resistance  of  the 
lines  etched  from  the  5- mil  pattern  averaged  150 
ohms,  and  that  from  the  2* 5-mil  pattern  195  ohms, 
but  the  resistance  of  similar  copper- plated  lines 
was  35  to  45  ohms  and  25  lo  35  ohms,  respectively. 
Since  the  theoretical  resistance  of  these  lines 
is  about  4.0  ohms,  these  measurements  indicated 
that,  although  the  copper  plating  decreased  the 
porosity  of  the  films,  it  did  not  make  them 
continuous.  The  porosity  of  these  films  is 
believed  to  be  due  to  the  matte  finish  of  the 
surface  of  the  plastic  but,  since  this  type  of 
surface  is  necessary  to  achieve  adhesion  between 
the  metal  and  the  plastic,  control  of  the  rough¬ 
ness  of  the  surface  becomes  important,  especially 
when  minimum  resistance  is  required. 

The  etched  films  vere  examined  under  the 
microscope  both  for  pinholes  and  undercutting. 

For  the  5-  and  2. 5-mil  patterns,  the  lines  etched 
from  the  electroplated  films  had  an  average  width 
of  4.9  and  2.4  mils,  respectively •  For  the  same 
patterns,  the  lines  etched  from  the  chemically 
deposited  unplated  films  averaged  4.0  and  2.3 
mils,  respectively.  Thus,  the  amount  of  under¬ 
cutting  was  about  the  Bame  for  the  two  types  of 
lines.  However,  the  electroplated  films  were 
superior  in  respect  to  continuity  (absence  of 
pinholes),  as  waB  expected  based  on  their  lower 
resistance  values. 

C.  Fine  lines  In  Precious  Metals  by 

KLectroetchl  r.u 

In  the  electroetching  process,  the  etchants 
used  on  the  film  of  palladium  were  based  on  those 
recommended^}  for  stripping  rhodium  from  nickel- 
plated  brass  because  of  the  similarities  between 
rhodium  and  palladium.  The  hydrochloric  acid 
etching  bath,  however,  had  to  be  rejected  due 
to  the  vigorous  gassing.  When  large  bubbles 
bumped  repeatedly  against  the  narrow  bars  of 
resist  between  adjacent  sections  of  the  line  to 
be  etched,  the  adherence  of  the  resist  to  the 
palladium  weakened  and  the  pattern  broke  down 
before  It  was  etched.  Although  the  sulfuric 
acid  bath  also  produced  gas,  the  bubbles  wore 
generally  smaller,  and  fever  in  number  and,  hence, 
less  active  against  the  surface  of  the  slide. 

Standard  .procedures  for  stripping  metallic 
coatings  from  plated  articles  call  for  the  use  of 
a  solution  which  will  attack  the  coating  without 
affecting  the  underlying  metal.  For  the  present 
application,  however,  the  underlying  base  was 
glass  so  there  was  little  danger  that  it  would 
be  attacked.  However,  this  construction  compli¬ 
cated  the  vnrk  in  other  reBpects,  as  indicated 
in  the  discussion  that  follows. 

Since  glass  is  a  non-conductor  of  electricity, 
it  was  necessary  to  depend  entirely  on  the  film 
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uf  palladium  to  conduct  the  current.  Due  to  the 
resistance  of  this  film  of  metal,  the  distribution 
of  current  over  the  length  of  the  electrode 
pattern  originally  supplied  vas  not  uniform 
and  etching  occurred  first  at  the  points  closest 
to  the  electrode  connection.  When  a  highly 
conductive  silver  paint  vas  applied  around  the 
slide  to  form  a  peripheral  electrode,  fairly 
uniform  etching  vas  achieved.  However,  the 
center  longitudinal  area  farthest  from  this 
peripheral  electrode  was  usually  still  the  laBt 
to  etch  because  It  had  the  longest  current  path 
from  the  electrode  connection. 

The  proneness  of  the  palladium  to  etch  first 
at  points  closest  to  the  electrode  connection 
was  also  reflected  in  the  tendency  of  the  pattern 
to  etch  first  at  all  its  edges.  Therefore,  if 
etching  proceeded  at  a  very  rapid  rate,  ana 
severed  the  contact  at  the  pattern's  edge,  the 
palladium  in  the  center  of  an  area  which  should 
have  etched  out  completely  vas  left  vithout  any 
connection  to  the  electrode)  hence,  it  remained 
on  the  slide.  It  vas  necessary,  therefore,  to 
etch  slowly  enough  to  obtain  a  uniform  removal 
of  metal  so  that,  by  the  time  the  edges  of  the 
gap  were  completely  formed,  the  center  of  the 
sap  was  also  completely  free  of  metal.  At  the 
same  time,  etching  had  to  proceed  rapidly  enough 
to  avoid  undercutting  and  also  breakdown  of  the 
reaist  which  occurs  with  prolonged  immersion  in 
an  acid  bath.  It  was  necessary,  too,  to  reduce 
the  current  periodically  in  order  to  maintain 
approximately  the  same  current  density  as  the 
line  was  etched  and  the  remaining  area  to  be 
removed  was  decreased. 

A  shield  with  an  adjustable-size  slot,  placed 
between  the  slide  and  the  steel  electrode, 
would  probably  fa. : ! ltate  removal  cf  given  areas 
nf  .  'ladium  from  the  glass.  Such  a  device 
wouln  Ehield  those  areas  where  etching  was  to 
be  retarded  and  leave  open  the  area  which  was 
to  etch  first.  In  this  way,  etching  might  be 
induced  at  the  center  of  the  area  to  be  removed, 
rather  than  at  the  edges  as  occurred  lr  this 
work. 

This  electroetching  procedure  was  also  found 
applicable  to  the  preparation  of  chromium 
electrodes  on  glass.  Such  electrodes,  suitably 
treated  with  a  moisture-sensitive  material* *0 
are  now  undergoing  tests  as  humidity  senBing 
elements  In  radiosondes. 

D.  Future  Heeds  In  Fine-Line  Fabrication 

Although  etched  lines  finer  than  those 
described  in  this  paper  will  prcbably  not  he 
required,  methods  of  making  fine  lines  by  ether 
processes  are  needed.  For  example,  screened 
lines  finer,  and  having  more  accurate  edge- 
definition,  than  those  now  producible  ore  de¬ 
sired  when  working  with  small  printed  ceramic 
wafers  such  as  those  used  in  the  work  reported 
by  Doctor  and  Hebb(®).  One  such  wafer  measures 
0.5  x  0.5  x  0.020  inch  and  bears  screened 
resistors,  screened  conductors,  miniature 
caoacltors^9^,  qaseless  trar.sistorsi^),  and 


caselees  diodes  *  a  total  of  14  components 
exclusive  of  the  conductors.  Because  the 
conductors  and  resistors  occupy  the  major 
portion  of  the  tiny  wafer,  their  reduction  in 
size  now  becomes  critical. 

If  It  appears  that  such  components  are  better 
made  by  vacuum  evaporation  techni quest 12)  than 
by  screening  techniques,  then  procedures  for 
making  fine-line  patterns  by  vacuum  deposition 
would  be  needed. 


CONCLUSIONS 

In  conclusion,  it  has  been  shown  that  linea 
as  narrow  as  2.5  mils  with  2.5-mil-wide  Bpacings 
can  be  formed  from  thin  films  of  copper,  either 
thin  foil  on  laminates  or  chemically  deposited 
copper.  However,  on  laminates  bearing  "1-oz" 
copper,  lines  as  narrow  as  5  mils  are  more 
practical  than  2.5-mll-wide  lines)  with  the 
latter  lines,  the  rejection  rate  waB  too  high 
to  give  predictable  yields  of  good  plates. 
Conductors  10  mils  In  width  and  having  4-mil- 
wide  spacing  between  linea  have  been  formed 
by  electroetching  such  metals  as  palladium  and 
chromium. 

In  order  to  achieve  satisfactory  results  with 
any  fine- line  patterns,  however,  the  following 
point b  are  emphasized: 

1.  The  metal  surface  should  be  clean  and 
free  of  pinholes,  scratches,  and  other  defects. 
Such  defects,  which  are  almost  unnoticed  when 
normal-sized  patterns  are  being  produced,  can 
rupture  or  otherwise  mar  the  continuity  of  a 
fine-line  pattern. 

2.  In  laying  out  a  fine-line  pattern,  the 
following  effect  should  be  considered.  When 
vide  spaces  are  etched  away  between  conductors, 
more  undercutting  of  the  conductors  occurs  than 
when  the  space  is  narrow,  probably  due  to  the 
freer  flow  of  etchant  in  the  larger  space  and 
consequent  more  rapid  replacement  therein  of 
exhausted  etchant  with  fresh  etchant. 

3.  The  reel st  should  be  free  of  foreign 
particles  and  air  bubbles  and  the  clean  metal 
surfaces  should  be  dipped  in  it  and  dried  under 
as  dust-free  conditions  as  possible. 

4.  The  dry  sensitized  panel  and  the  negative 
should  be  held  together  In  a  vacuum  frame  during 
exposure.  The  negative  should  be  placed  with 
the  emulsion  side  against  the  coated  panel  in 
order  to  minimize  the  diffusion  of  1  i gb t  between 
the  negative  and  the  sensitized  surface .  As  in 
condition  number  3  abeve,  duBt-free  conditions 
should  prevail. 

5.  The  developer  should  be  chosen  to  have 
r.o  detrimental  effects  on  the  bond  between  the 
resist  and  the  metal.  The  vaporB  of  belling 
trichloroethylene,  and  an  exposure  time  cf  45 
to  50  seconds,  are  recommended  for  fir.e-lir.e 
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work. 

6.  The  developed  plate  should  be  heated 
before  being  etched  because  heating  appears  to 
set  the  pattern  and  make  it  more  resistant  to 
undercutting. 

7.  The  etchant  and  etching  process  should 
be  chosen  to:  (l)  give  uniform  removal  of 
metal,  (2)  allow  ready  removal  of  the  specimen 
from  the  etchant  and,  (3)  permit  rapid  washing 
to  stop  the  etching  action. 
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Methods  for  interconnecting  extremely  small  nodules ,  such  as  printed  wafers 
having  volumes  of  ca  Q.0C5  cubic  inch,  axe  under  investigation  in  these  labora¬ 
tories  .  The  basic  technique  involves  stacking  wafers  so  that  all  leads  protrude 
from  one  side  of  tho  assembly,  encapsulating  the  assembly  in  resin,  facing  off 
the  sido  containing  the  leads  in  order  to  expose  tlie  interconnection  points  as 
cross  sections  of  the  airea,  and  then  interconnecting  these  points.  Feasibility 
of  interconnecting  these  points  either  by  chemically  deposited  copper  or  by 
printed  silver  wiring  was  demonstrated  with  modules  larger  than  0.005  cubic  inch. 
These  techniques  will  be  extended  to  the  small  printed-wafer  modules  as  soon  as 
sufficient  numbers  become  available. 


INTRODUCTION 

The  assembly  of  electronic  equipment  requires 
the  electrical  connection  of  various  component 
parts  according  to  a  prescribed  plan.  In  many 
circuits  the  actual  physical  size  and  location  of 
tho  individual  parts  is  of  little  concern  os  long 
as  the  electrical  connections  indicated  in  the 
schematic  are  made.  Fcr  this  reason,  assembly 
techniques  arc  numerous  and,  in  most  equipment, 
are  dictated  by  strictly  economic  considerations . 
When  considering  equipment  intended  for  military 
applications,  however,  several  other  criteria 
must  also  be  con3iderod.  Those  criteria  include: 

(1)  low  weicht  and  small  volume,  (2 )  rugged  assem¬ 
bly  to  enable  survival  in  liigh  ahock-and-vibration 
environments,  and  (3)  case  of  repair  by  personnel 
having  a  minimum  of  special  training. 

Miniaturization  teciiniques  go  a  long  way  toward 
meeting  both  of  the  first  two  criteria.  Tne  facto 
that  miniature  assemblies  occupy  less  volume  and 
are  loiter  in  insight  than  their  full-size  counter¬ 
parts  ore  self-evident.  It  is  also  well  known 
that  tiny  structures  are  much  more  resistant  to 
damage  frem  3hock  and  vibration  than  largo  struc¬ 
tures.  This  effect  is  due  to  the  fact  that  forces 
generated  by  accelerations  are  proportional  to 
mans,  and  hence  to  tho  third  power  of  length, 
while  str.  ngths  arc  proportional  to  c. ros  s-s c ctior.s 
and,  hence,  to  the  second  power  of  length.  There¬ 
fore,  as  a  structure  is  reduced  in  size,  it3  mass 
is  dir'.nlshed  much  faster  than  its  cross  -section, 
and  its  structure  becomes  more  resistant  to  carnage 
from  forces  due  to  acceleration. 

It  is  the  third  criterion  -..iiich  spurred  the 
development  of  the  electronic  "modulo",  that  is  an 
individually  fabricated  subassembly  that  cay  bo 
replaced  in  tote  when  repair  becomes  necessary. 
Optimum  complexity  for  individual  modules  has  been 
the  subject  of  several  recent  papers  (iovw 
it  is  not  the  purpose  of  tliis  paper  to  dwell  in 
tills  area.  Tie  general  conclusions  of  most 
irriters  or.  tils  subject  arc  throe:  (1)  the  more 
complex  the  i  odule,  the  smaller  the  number  of 
intermodule  connections  that  r.uot  be  rx.de,  ar.d 

(2)  the  loss  complex  tiie  module,  Ihr  more  liiely 
t-hat  it  will  find  repeated  use  ir.  an  equipment  and 
the  lower  the  cost  -..-her.  it  must  be  discarded. 

Figure  1  summarises  sqssp  recent  .dniaturiontiai 
work  repor  ;,cd  previously vi/,  it  shows  four  steps 


of  miniaturization  of  a  binary  divider  module. 
Figure  1A  shows  a  module  -which  employs  a  miniature 
vacuum  tube.  The  other  component  parts  are 
mounted  in  the  base  of  the  socket  try  conventional 
techniques  and  interconnection  to  the  larger 
assembly  is  nado  by  the  octal  plug  upon  which  tho 
entire  circuit  is  constructed.  This  particular 
binary  divider  occupies  a  volume  of  about  2  cubic 
inches  and  requires  about  2  watts  of  power. 

Figure  ID  shows  a  transistorized  version  of  the 
sane  binary  divider  circuit.  This  module  dcncr.- 
strates  not  only  the  power-saving  advantage 
offered  by  transistors  over  vacuum-tubes  (10 
milliwatts  as  opposed  to  2  watts)  but  also  tlx  u3e 
of  the  very  popular  etched  wiring  technique. 
Interconnection  of  modules  of  this  size  is  accom¬ 
plished  by  etched  wiring  connectors  into  wiiich  the 
individual  subassemblies  can  be  plugged,  Many 
varieties  of  modularization  at  this  size-level 
hove  appeared  in  the  literature.  Among  them  are 
the  "plun "-module  l1' ,  so  celled  bocauso  of  the 
+ -shaped  three-dimensional, design,  and  the  cand- 
wich  or  cord-wood  rjodule  W.  In  no3t  coses,  the 
printed  or  etched  wiring  that  fits  into  the  con¬ 
nector  is  plated  with  a  hard,  corro3ion-resistant 
metal.  In  other  cases,  an  auxiliary  set  of  terni- 
nals  is  attached  to  tho  wiring  board  and  these 
terminals  plug  into  tho  connector. 


fc 


Figure  1.  -  Miniaturizatioa  of  a  binary 
divider  module  from  vacuum-tube  version  A  tc 
normal  transistorized  version  d,  to  "hoaring- 
;iid"-sizcd-comroncr.t  version  G  to  casclcss- 
eomponcr.t  version  D. 
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jiguro  2  shows  again  the  transistorized  etched- 
board  module  (top  left),  an  etched  wiring  con¬ 
nector  (bottom  left),  and  a  10-etage  binary 
counter  (right)  nade  fraa  ton  of  these  modules, 
ten- etched  wiring  connectors,  and  hook-up  wire. 

The  counter  packaged  by  these  techniques  occupies 
about  22  cubic  inches  and  requires  about  100 
milliwatts  of  power. 

figure  1C  shows  the  natural  continuation  of 
the  etched-ui ring-beard  technique  using  very 
tiny  "hearing-aid"-sized  component  parte.  The 
step  from  3  to  C  is  not  entirely  the  result  of 
tho  component  manufacturer  is  ability  to  shrink 
the  size  of  Ills  components.  It  required  the 
development  of  now,  low-voltage,  law-power 
circuitry  by  the  systems  engineer  (5),(oJ#  Since 
simple  shrinkage  in  component  size  usually  re¬ 
sults  in  decreased  poror  rating  (or  voltage 
rating)  this  circuit  development  became  a  must. 
Interconnection  at  tills  level  can  be  accomplished 
neatly  with  a  secondary  etched  wiring  board. 

Jigure  3  shows  again  the  hearing-aid-eizod 
nodule  (foreground),  an  etched  interconnection 
board  (top  loft),  and  the  final  ten-stage  counter 
(right).  This  counter  occupies  about  1.6  cubic 
inches  and  requires  about  20  milliwatts  of  power. 
VJhen  this  degree  of  miniaturization  is  reached, 
the  quostion  arises  as  to  what  should  be  con¬ 
sidered  a  modulo.  This  10-stage  binary  counter 
occupios  less  volume  than  the  1 -stage  binary 
divider  based  on  a  miniature  vacuum  tube.  If  it 
were  desired  to  make  the  10-etago  counter  a 
module  in  itself,  the  entire  subassembly  might  be 
encapsulated  as  is.  Or:  the  other  hand,  if  rc- 
pairability  at  the  1-stage  level  were  desired, 
the  individual  stages  could  be  separately  en¬ 
capsulated  before  inserting  then  into  the  inter¬ 
connection  board.  Com5rcially''4'e',  the  use  of 
header  mountings  for  modules  at  this  level  of 
miniaturization  is  popular  although  they  detract 


Jigure  2.  -  Ten-stage  binary  counter  (right) 
made  from  r.crral  transistorized  ctched-wiiing- 
ooard  modules  (ton  left)  ar.d  etched  wiring  con¬ 
nectors  (bottom  left). 


Jigure  3.  -  Ten-stage  binary  counter  (right) 
made  from  etched  interconnection  board  (left) 
and  "hearing-aid"-aized  transistorized  modules 
(foreground). 


from  the  high  component  densities,  i.e.  number  of 
component  parts  per  unit  volume,  which  can  be 
obtained. 

figure. ID  shows  tho  oo-caUcd’DOKL-2D"  binary 
divider  (3)  j  2D  because  of  its  near  2-tHmensional 
configuration.  This  wafer  circuit,  when  unon- 
capsulated,  occupies  a  volume  of  approximately 
C.005  cubic  inch  and  yet  is  electronically 
equivalent  to  the  preceding  modules.  Its  tre¬ 
mendous  volume  efficiency  is  due  to  elimination 
of  coses  for  individual  parts.  Mid  tho  «3e  of 
many  printed-circuit  techniques  (3 ),{9)w  xf  such 
modules  wore  mounted  ir.  headers,  they  could  un¬ 
doubtedly  be  interconnected  using  the  secondary 
etchod-^drlng-board  technique  already  described, 
/bunting  of  oach  binary  divider  in  a  header,  how¬ 
ever,  world  greatly  reduce  the  volume  efficiency 
at  this  level  of  microminiaturization.  On  the 
other  hand,  the  mounting  of  several  intercon¬ 
nected  stages  within  a  single  header  would  not 
only  provide  encasement  for  the  uncased  component 
parts  but  also  allow  high  component  densities. 

Jigure  U  3hows  a  XJ1-2D  binary  divider  modulo 
and  tho  stack  of  ten  of  these  modules  required  to 
produce  a  counter  equivalent  to  those  shown  in 
figures  2  and  3.  T-je  volume  of  tils  counter  is 
only  ea.  0.2  cubic  inch.  It  requires  20  milli¬ 
watts  of  power,  /’ate  the  fifty  protruding  lead 
wires  which  must  be  interconnected.  If  con¬ 
nectors  comprising  etched  wiring  boards  are  ruled 
out  because  their  interconnecting  vires  would  be 
spaced  no  more  than  10  mils  apart,  two  other 
possible  techniques  exist.  The  first  would  re¬ 
quire  welding  the  tiny  vires,  using  procedures 
developed  in  the  subniniature  vacuum  tube  field. 
The  only  demand  which  would  be  nade  on  the  DOEL- 
2D  ’wafer  is  that  the  material  chosen  for  the  lead 
’.Ires  be  weldable.  It  iscf  interest  to  note  that 
at  least  one  organization10)  is  presently  fabri¬ 
cating  self-supporting  modules  at  the  hearing -aid 
level  of  miniaturization  using  welding  techniques. 
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figure  lj.  -  Ton-etago  binary  counter  (right) 
rude  from  printed  wafer  modules  (left)  j  not 
interconnected. 


The  second  technique  is  one  now  under  investi¬ 
gation  at  theso  laboratories  because  it  appeared 
to  be  especially  suited  to  the  2-D  level  of  rderc- 
miniaturiaation.  It  involves s  (1)  stacking 
wafer  stages  in  the  configuration  shown  in  figure 
5,  using  spacer  materials  where  necessary,  so 
that  all  load  wires  protrude  from  one  side  of  the 
assembly,  (2)  encapsulating  the  assembly  in  resin, 
(3)  facing  off  tho  side  containing  the  lrLres  on  a 
lathe  or  milling  machine  so  that  the  intercon¬ 
nection  points  appear  as  cross-flections  of  the 
lead  wires,  and  (Ii)  interconnecting  those  points. 
Descriptions  of  the  several  methods  of  intercon¬ 
nection  considered  thus  far  in  these  laboratories 
form  the  principal  subject  of  this  paper. 

DIPCSITED-I-ETAL  r»TdP.CC::!ECTI0K3 

Cue  procedure  for  na!cing  interconnections 
between  these  cross  sections  of  wire  involves 
first  depositing  a  metal  over  the  cr.tiro  faccd- 
off  surface.  To  date,  copper  deposited  by  chemi¬ 
cal  reduction  P-L)  has  boer.  employed  for  tb-^s  pur¬ 
pose.  Using  photolithographic  techniques  a 

resist  would  tlicn  bo  laid  down  on  Uie  copper  sur¬ 
face,  exposed  through  a  mask  of  the  desired 
interconnection  pattern,  developed,  and  •..•ashed. 

The  extraneous  copper  could  then  bo  etched  away, 
finally,  the  deposited  interconnection  wires 
would  be  protected  by  a  layer  of  plastic.  Ihis 
tcciinique  should  yield  a  completely  intercon¬ 
nected  stack  of  wafers.  Figure  6  shows  such  a 
stack;  the  bottom  plate  is  not  a  nodule  but 
serves  only  to  hold  the  lead-out  wires . 

In  a  variation  of  tho  above-described  pro¬ 
cedure,  interconnection  paths  have  boon  silled 
in  the  faced-off  side  of  tlie  encapsulated  stack, 
netal  deposited  over  the  entire  side,  ar.d  the 
metal  not  in  the  grooves  then  removed  eitiicr  with 
an  abrasive  or  by  a  second  facing-operation. 


Figure  5.  -  Stack  of  -wafer  modules  encapsu¬ 
lated  in  resin  and  faced  off  to  expose  cross 
sections  of  lead  wires. 


Figure  6.  -  Stack  of  wafer  modules  encapsu¬ 
lated  in  rosin  and  faced  off  to  expose  cross 
sections  of  lead  vires  which  arc  then  intercon¬ 
nected  by  deposited  copper  films. 
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Before  enqsloying  either  of  these  procedures 
to  build  a  counter,  the  feasibility  of  depoaited- 
copper  interconnections  was  demonstrated  by  test 
specimens  such  as  that  shown  in  figure  7.  The 
specimens  were  prepared  in  the  following  fashion. 
Pairs  of  duplicate  wires  of  several  types  were 
placed  in  rows  In  a  polyethylene  mold  of  dimen¬ 
sions  1.5  x  1.0  x  0.3  inches.  The  -./ires  were 
allowed  to  extend  through  the  bottom  and  above 
the  top  of  the  mold,  ftis  mold  was  then  filled 
with  a  liquid  epoxy  resin  to  which  had  been  added 
7.5  parts  of  diethylarrinopropylsmine  per  hundred 
parts  of  resin.  The  resin  was  allowed  to  gel  at 
room  temperature,  was  than  cured  overnight  at 
65°  C,  and  finally  cured  for  2  hours  at  100*  C. 

The  plastic  block  containing  the  embedded  wires 
was  then  out  in  half  in  a  direction  perpendicular 
to  the  wires  in  order  to  form  two  specimens.  The 
cut  surfaces  ire  re  then  roughened  with  sand  paper, 
cleaned  with  detergent,  and  masked  with  tape  so 
as  to  leave  an  unmasked  path  between  each  set  of 
duplicate  wires.  The  specimen  was  then  rinsed  in 
isopropyl  alcohol  and  copper  was  chemically  de¬ 
posited  on  the  unmasked  areas  by  the  following 
commercial  procedure  Oi).  The  specimen  was 
immersed  In  a  sensitizing  solution  for  two 
minutes,  rinsed  in  cold  tap  water,  immersed  in 
another  sensitizing  solution  for  two  ninutes,  and 
rinsed  again.  Tho  piocos  wore  next  placed  in  a 
reducing  solution  containing  copper  ions  and  held 
there  for  six  to  twenty  ninutes  at  room  temper¬ 
ature.  The  specimens  wore  then  rinsed  and  the 
tape  W33  Stripped  away  to  leave  deposited  copper 
bands  like  those  shown  in  figure  7.  A  thin  layer 
of  speoty  rosin  was  poured  over  the  copper  and 
cured  to  protect  the  film  from  abrasion. 

Electrical  continuity  between  wires  of  each 
sot  was  checked  using  an  oh-nmeter.  The  types  of 
■■vires  tested  are  listed  in  Table  I  and  all  made 
adequate  connection,  lie  test  specimens  were 
next  temperature  cycled  five  times  from  -55 °C  to 
+35° C  and  retested,  fio  connections  failed. 


Table  I.  -  Types  of  wires  that  have  been 
successfully  connected  by  deposited 
copper  films. 


Type  of  wire 

B  and  S 
Gage  Ho. 

Number  of  pairs  of 
duplicate  wires 
tested 

Columtdum 

20 

C 

Copper,  bare 

20 

13 

Copper,  tinned 

22 

13 

Cold 

28 

B 

1tir.hr  ome 

30 

13 

Silver 

21 

6 

Tantalum 

20 

13 

Next,  it  was 

decided  to  interconnect  an  oper- 

ating  circuit  by  doposited-copper  techniques . 

Due  to  the  lack  of  a  sufficient  number  of  wafer 
modules  (these  modules  are  still  in  themselves 
research  models)  it  waa  decided  to  substitute 
"hearing-aid"-aizod  modules,  five  HOI 
circuits  were  chosen  for  interconnection  because 
together  they  would  constitute  a  half  adder. 
Also,  this  NOP.  circuit  was  being  extensively 
evaluated  by  a.  circuit  research  gr^up  of  these 
laboratories  (Id) 


figure  8  shows  tho  half- adder.  Interconnection 
was  accomplished  on  two  opposite  surfaces  so  that 
two  methods  employing  deposited  copper  films  could 
be  evaluated.  The  view  on  the  left-hand  side  of 
figure  8  shows  interconnections  composed  of  copper 


figure  7.  -  Test  specimen  for  evaluation  of 
deposited  copper  interconnections. 


Figure  8.  -  Half -adder  made  iron  five  DCS 
modules  interconnected  by  deposited  copper 
wirings  front  of  unit  (left)  employs  copper- 
filled  grooves;  back  of  unit  (right)  employs 
copper  bands  applied  through  a  mask. 
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deposited  in  milled  grooves  10  mils  wide  by  5  mils 
deep.  The  copper  was  chemically  deposited  ovBr 
the  entire  3ide,  using  the  procedure  described 
previously,  and  the  copper  not  in  the  grooves  was 
sanded  off  by  hand.  Die  view  on  the  rlght-liand 
side  of  Figure  8  shows  deposited-copper  intercon¬ 
nections  made  by  the  masking-tape  procedure. 
Electrical  tests  of  this  half-adder  showed  oper¬ 
ation  comparable  to  that  of  hand-wired  units . 


SCHEENED-SJLTCE  INTERCCt INACTIONS 

Other  procedures  for  making  interconnections 
between  the  cross  sections  of  the  wires  will 
readily  occur  to  those  familiar  with  the  tech¬ 
niques  of  printed  circuitry.  An  obvious  one,  and 
one  which  has  been  employed  in  these  laboratories, 
ia  the  application  of  a  silver  pattern  by  "sulk"- 
3creening.  The  applicability  of  this  method  was 
demonstrated  on  a  free-running  multivibrator.  All 
the  component  parts  were  encapsulated  with  their 
leads  protruding  from  a  single  side  of  the  block. 
The  block  was  faced-off  and  the  component  parts 
were  interconnected  with  screened  silver  paint 
applied  across  exposed  cross-seotions  of , the  load 
wires  by  well-known  serconing  techniques  me 

multivibrator  operated  in  all  respects  as  well  as 
a  solder-assombled  unit. 

DISCUSSION 

Die  first  method  proposed  in  this  paper  for 
accomplishing  deposited  copper  interconnections 
involves  the  u30  of  a  photolithographic  procedure. 
In  quantity  production,  a  photolithographic  pro¬ 
cedure  should  prove  inexpensive  and  yield  ex¬ 
tremely  fine  lines.  However,  this  procedure  has 
not  yet  been  adapted  to  the  application  at  hand 
for  the  following  reasons.  First,  the  technique 
itself  has  boon  proven  to  be  feasible'16'  and  the 
details  of  its  application  to  the  present  problem 
were  of  secondary  interest  compared  to  the 
achievement  of  reliable  electrical  contact  between 
lead  wirea  and  deposited  copper.  Secondly,  ti» 
details  of  making  and  aligning  pattern  negatives 
for  masking  tlio  interconnection  patterns  botween 
the  cross -sections  of  the  wires  in  the  encapsu¬ 
lated  assembly  Save  to  be  worked  out  but  are 
needed  only  after  feasibility  has  been  demon¬ 
strated. 

Feasibility  of  deposited  and  screened  ratal 
interconnections  haa  been  demonstrated.  Diis 
technique  promises  minimum-volure  interconnection 
for  minimur.“volure  wafer  subassemblies,  and  places 
phenomenal  component  densities  within  reach. 

Finer  interconnections  can  probably  be  produced 
via  the  deposited-netal  methods  than  with 
scrccned-silver  methods  because  ink  forced  through 
a  stencil  will  flow  to  some  extent  before  it 
hardens,  and  produce  lines  wider  than  those  of  the 
stcr.cil.  Ten -diil -wide  lines  with  four-mil' -wide 
3pacings  have  been  produced  with  resist-nasked  and 
electroetched  vacuum-deposi  tod-palladium'16', 
Tii-Jlar  definition  has  been  achieved  with  resist- 
masked  .and  chemicallyretehed  cherdcally-deposited- 


copper (16 > .  Ten-vail-wide  screened  lines  would  be 
considered  excellent  at  the  present  state  of  the 
screening  art. 

It  should  be  noted  that  fine-line  intercon¬ 
nections  have  a  finite  resistance  that  must  be 
taken  into  account  in  circuit  design.  For  lines 
like  those  shown  in  Figure  8,  this  resistance  is 
of  the  order  of  one  ohm  which,  for  the  circuits 
described  in  this  work,  is  negligible.  Die 
thickness  of  deposited  copper  is  estimated  between 
0.3  and  0.6  mill16). 

Figure  work  must  include  t  (1)  development  of 
methods  for  aligning  photographic  negatives  on 
encapsulated  assemblies,  (2)  an  evaluation  of 
long-term  storage  effects  on  deposited  and 
screened  interconnection  wires,  and  (3)  the  con¬ 
struction  of  interconnected  stacks  of  wafer-typo 
D0F1-2D  modules. 
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DESIGN  OF  A  TWO- TRANSISTOR  BINARY  COUNTER 


Philip  Emile,  Jr. 
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Ab stract 


The  binary  counter  discussed  is  an  Eccle 9 -Jordan  type  two  transistor  flip- 
flop  with  a  two-diode  steering  network.  The  design  of  such  a  circuit  is  con¬ 
sidered  as  a  three-level  problem.  The  first  level  is  the  design  of  a  circuit 
for  laboratory  breadboard  operation.  The  criteria  used  for  circuit  synthesis 
are  (l)  output  signal  required,  (2)  input  signal  available  and  (5)  required 
speed  of  operation. 


The  second  level  of  design  is  that  of  a  circuit  for  use  in  a  piece  of  field 
equipment  where  marginal  checking  and  unit  replacement  are  possible.  The  addi¬ 
tional  design  criteria  used  are  (4)  total  power  consumption,  (5)  circuit  toler¬ 
ances,  (6)  environmental  temperature  problems,  (7)  total  number  of  components 
and  (8)  cost  per  unit.  The  third  level  of  design  is  that  of  a  circuit  to  go 
into  a  piece  of  field  equipment  where  unit  replacement  is  not  possible,  due  to 
potting,  inacesaibility  or  small  size  (microminiaturization) .  The  main  problem 
in  the  third-level  design  is  to  develop  a  rigid  acceptance  or  rejection  test 
to  predict  the  future  performance  of  a  circuit  before  potting.  Three  methods 
which  have  been  used  at  DOFL  in  the  testing  of  2D-wafer  binary  counter  modules 
are  discussed. 


In  conclusion,  it  is  pointed  out  that  the  three-level  design  requires  thorough 
circuit  analysis  to  devise  acceptance  tests  and  trained  personnel  or  special  equip¬ 
ment  to  implement  the  tests.  However,  the  net  result  will  be  more  reliable  elec¬ 
tronic  systems  for  both  military  and  commercial  applications. 


Introduction 

In  the  past,  the  design  of  a  binary  counter 
has  been  approached  as  a  problem  of  selecting 
the  components  for  proper  operation  of  a  cir¬ 
cuit  in  the  laboratory.  The  difficulties  in¬ 
volved  in  designing  a  circuit  to  operate 
reliably  under  field  conditions  have  been  left 
to  the  individual  engineers  in  most  cases.  In 
this  paper  three  distinct  levels  of  circuit 
design  will  be  discussed.  The  first  level  of 
design  is  that  of  a  circuit  to  operate  in  the 
laboratory.  The  second  level  of  design  is  that 
of  a  circuit  to  operate  in  g  field  system  where 
marginal  checking  and  unit  replacement  are  pos¬ 
sible.  The  third  level  of  de  ;ign  is  that  of  a 
circuit  to  operate  in  a  field  system  where 
unit  replacement  is  not  possible  because  of 
inaccessibility  or  small  size  (microminia¬ 
turization).  The  design  difficulty  increases 
going  from  the  first  through  the  third  levels 
of  design. 

The  operation  of  a  binary  counter  will  be 
described.  Next,  a  procedure  for  determining 
the  circuit  components  will  be  derived  from 
a  few  basic  criteria.  This  is  the  first  level 
of  de.ign.  The  additional  criteria  for  a 
second  level  design  will  be  discussed.  Finally, 
some  procedures  which  have  been  tried  in  e 
third  level  design  will  be  discussed. 

Operation  of  Binary  Counter 

The  binary  counter  is  a  two- state  device 
which  can  be  triggered  alternately  from  one 
st.ate  to  the  other  by  successive  pulses  on  a 
single  input  line.  The  binary  counter  consists 
cf  two  parts,  a  flip-flop  circuit  which  acts 


as  a  memory,  and  a  steering  circuit  which 
directs  the  input  pulses  to  the  proper  side 
of  the  flip-flop.  The  action  Just  described 
results  in  a  division  by  two  or  counting,  i.e. 
if  a  square  wave  of  one  frequency,  f,  i3  ap¬ 
plied  to  the  input,  a  square  wave  of  1/2  f  is 
obt  .ixied  at  the  output.  The  frequency,  f,  may 
be  any  frequency  below  the  maximum  counting 
rate  of  the  binary  counter.  The  binary  counter 
discussed  in  this  paper  is  an  Eccles- Jordan 
type  two-transistor  flip-flop  with  a  two-diode 
steering  network. 

A  saturated  two- transistor  flip-flop  equipped 
with  set  and  reset  networks  is  shown  in 
Figure  1.  The  transistors  ir.  this  circuit  are 
either  saturated  (presenting  an  impedance  of 
les3  than  10  ohms  from  collector  to  emitter),  or 
are  cut  off  (presenting  an  impedance  greater 
than  100  kilohms  from  collector  to  emitter). 

With  the  values  of  collector  resistors  gen¬ 
erally  employed,  the  voltage  drop  across  the 
transistor  in  the  saturated  condition  is  of  the 
order  of  0.1  volt.  The  collector  current  flow¬ 
ing  when  the  transistor  Is  cut  off  is  between 
1(30  4U:'i  PXCBO  UcBO  <  Ic  <  PICB0)‘  The  cut- 
off  collector  current  Is  limited  to  I^gQ  If  the 
bane  of  the ‘off  transistor  Is  positive  with 
respect  to  the  emitter;  it  is  close  to  PIqjq  if 
the  base  of  the  transistor  is  left  floating. 

The  flip-flop  circuit  is  arranged  so  that  if 
one  transistor,  say  T,,  is  cut  off,  the  negative 
voltage  at  Its  collector  turns  the  opposite 
transistor,  Tg,  on.  This  will  be  arbitrarily 
called  the  "one"  state.  The  other  stable  state, 
zero”  occurs  when  translator  Tg  is  off  and  Tj 
Is  on.  The  circuit  can  be  triggered  from  the 
"one"  state  to  the  "aero"  state  by  a  positive 
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pulse  applied  to  the  "reset"  input,  cutting  off 
transistor  Tg.  Similarly,  the  circuit  may  be 
triggered  from  the  "zero"  state  to  the  "one" 
state  by  the  application  of  a  positive  pulse  to 
the  set"  input . 

If  the  "set"  and  "reset"  inputs  of  the  cir¬ 
cuit  in  Figure  1  are  tied  together,  the  circuit 
will  operate  as  a  binary  counter.  In  this  case 
the  positive  input  pulse  goe3  to  both  transistor 
bases,  but  can  only  cut  "off"  the  conducting 
transistor.  This  circuit  is  sensitive  to  the 
relation  of  the  size  of  the  cro 38 -coupling 
capacitors,  C^,  and  the  shape  and  duration  of 
the  trigger  pulse.  Wider  variations  in  this 
pulse  may  be  tolerated,  and  the  cross-coupling 
capacitors  may  be  omitted,  if  the  input  pulee  is 
steered  to  the  proper  transistor.  The  input 
circuit  may  be  converted  to  a  steering  circuit 
by  connecting  the  diode  biasing  resistors  Rjq 
and  Rj£o  to  the  collectors  of  and  T2 
respectively. 

The  binary  counter  3hovn  in  Figure  2  ha3  such 
a  steering  circuit  input.  In  addition,  the 
resistors  Rg  have  been  returned  to  a  positive 
voltage  source,  Vbb*  to  insure  cut-off  of  the 
resistors.  The  steering  circuit  operates  as 
follows:  Assume  transistor  is  cut  off  and 
Tg  i«  conducting.  Point  B  ig  at  ground.  Diode 
Dp  is  biased  slightly  in  the  forward  direction 
through  resistor  since  point  F  is  slightly 
negi^ve  with  respect  to  point  D.  Diode  D.  is 
biased  Vq  volts  in  the  back  direction  through 
resistor  since  the  collector  voltage  of 

vilts.  A  positive  pulse  applied  to 
the  input  proceeds  through  capacitor  CR  and 
diode  D2  to  turn  transistor  Tp  off  and  cause 
the  flip-flop  to  change  state.  The  positive 
pul  ;e  docs  not  go  through  diode  D,  since  that 
diode  rem-lr.s  biased  in  the  back  direction  as 
long  as  the  input  pulse  is  less  than  VQ  volts. 
When  the  flip-flop  chaiges  state,  capacitor  C™ 
(point  D)  charges  toward  -Vc  through  R«  ,  R^g, 
and  the  resistance  of  the  signal  source.  This 
voltage  biases  diode  in  the  back  direction. 
After  the  flip-flop  transition,  point  C  begins 
to  fall  toward  ground  potential.  If  the  input 
to  toe  binary  counter  was  a  narrow  pulse  from  a 
low  Impedance  source,  the  counter  is  ready  to 
receive  another  pulse  as  soon  as  the  diodes  are 
biased  properly  by  the  transitions  Just  men¬ 
tioned.  A  narrow  pulse  means  a  pulse  that  Is 
of  shorter  duration  than  the  sura  of  the  transi¬ 
tion  time  cf  the  flip-flop  and  the  rebiasing 
time  of  the  gates. 

In  many  applications  the  input  to  the  binary 
counter  is  a  square  wave  from  a  previous  stage 
ar  shown  in  Figure  2.  In  this  case  the  time 
constants  R^,C  and  RtCr  also  play  a  part  in 
determining  the  recovery  tine  of  the  counter. 

The  waveforms  during  uperatlon  (Fig.  3)  help 
make  this  clear.  When  transistor  T«  is  "off," 
the  voltage  at  the  input  to  the  binary  stage  is 
*VC-  The  voltage  at  diode  D  (point  C)  is  also 
~VC  transistor  Tn  i "off.*1  When  transistor 


T.p  turns  "or."  at  time  XQ  the  input  is  effectively 
returned  to  ground.  Capacitor  Cg  instantaneously 
draws  current  through  R^  and  .  Point  C 
rises  sharply  toward  ground  and  then  begins  to 
charge  back  to  -Vq  through  R^,  R^.  and  . 
3hortly  thereafter,  due  to  the  positive  pulse 
coupled  throu^i  capacitor  C«  and  diode  to 
the  base  of  translator  Rg*  flip-flop  changes 
state.  Now  transistor  T.  i3  "on"  and  point  C 
again  moves  toward  ground.  This  transient  at 
point  C  doeB  not  show  on  the  waveform  at  C  since 
the  input  pul9e  is  long  compared  to  the  transi¬ 
tion  time  of  the  flip-flop.  Point  C  instead 
appears  to  hold  at  ground  potential  until  time 
Xr  The  level  drifts  at  the  collectors  and  the 
bases  of  Ti  a3  well  as  the  recovery 

transient  +  *W  ca  of  dlode  Dp  at  polnt  n 
are  readily  apparent,  when  transistor  turns 
"off"  again  at  time  Xj,  point  C  is  driven  to 
-Vc  and  point  D  ia  driven  to  -2Vq.  Point  C 
recovers  tc  ground  with  a  time  constant 
(Rjq  +  RqO  Cs  while  point  D  recovers  to  -Vc  with 
a  time  constant  (RK2  *  RT  +  RC2)Cp-  When  point  D 

is  driven  to  -2Vq  »  negative  pul  se  apuears  it 
B,  the  collector  of  the ’“off" transistor  T«.  The 
subscripts  are  reversed  and  the  letters  A  nd 
B,  C  and  D)  and  E  and  F  are  interchanged  for 
the  next  cycle  of  operation,  X2  -  X^. 

First  Level  Design  of  Binary  Counter 

In  the  flr3t  level  of  de  ;igr.  of  a  binary 
counter,  one  needs  to  consider  only  the  fol¬ 
lowing  basic  points: 

1.  Output  signal  power  required. 

2.  Input  signal  power  available. 

3-  Speed  at  which  the  stage  must  count. 

The  maximum  speed  at  which  a  binary  counter 
will  operate  depends  on  the  alpha  cutoff  fre¬ 
quency  of  the  transistors  used,  in  addition  to 
other  factors  to  be  discussed.  In  the  type  of 
circuit  herein  mentioned  a  goed  "rule  of  thumb" 
la  that  the  maximum  speed  that  a  counter  will 
rai  reliably  is  a  factor  of  l/lO  the  alpha  cut¬ 
off  frequency  of  the  transistor.  To  realize 
this  speed,  cross- coupling  capacitors  must  be 
used.  For  instance.  In  the  case  of  the  surfuce 
barrier  transistor,  the  maximum  speed  of  opera¬ 
tion  is  about  300  kc  without  capacitors  and 
-djout  2  me  with  cross- coupling  capacitors  of  the 
proper  value. 

By  employing  emitter-follower  coupling  and 
faster  gating  this  factor  can  be  increased  to 
about  1/5-  If  compl erne nt ary  symmetry  circuits 
end  high  speed  gates  are  used,  this,  factor  can 
be  increased  to  .about  1/3  or  1/2.3."'^  if  cr.e 
chooses  the  maximum  frequency  of  operation  cf 
the  binary  counter  to  be  l/lO  alpha  cutoff,  the 
rcinimum  alpha  cutoff  of  the  transistor  to  be 
used  is  specified.  To  decide  exactly  what 
transistor  to  use  one  may  also  vise  tc  consider 
size,  0  and  material  (germanium  or  silicon). 
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Another  good  "rule  of  thumb"  is  that  the  out¬ 
put  voltage  obtained  from  a  circuit  of  this  type 
I g  from  0-7  VCg  to  0.8  VqC,  where  Vqq  is  the 
collector  supply  voltage.  Therefore  when  the 
desired  output  voltage  is  specified  the  supply 
voltage  can  also  be  immediately  specified. 

It  may  be  shown  that  the  relationship 


(p/s  Rc  +  -  p/s  RCREJCT 

(7)  Kr  =  (p/s  -  3)  Rjxt  or 

Te7s 

(8)  Kr  =  P  -  |g  Rgxr 

"  5  P 


(1)  «B  i  f  RC 

gives  a  safety  factor  (3=4)  to  allow  for 
decrease  in  P  ana  still  insure  saturated  opera¬ 
tion  for  a  grounded  emitter  switch  as  used  in 
the  basic  flip-flop. 5  In  the  basic  flip-flop 
the  size  of  the  collector  resistor,  Rc,  -3 
limited  by  several  factors.  The  minimum  Rc  is 
limited  by  the  maximum  current  rating  of  the 
transistor  and/or  the  allowable  power  dissi¬ 
pation  by  the  flip-flop.  The  maximum  Rc  is 
limited  by  the  load  R^  which  must  be  driven  from 
the  collector. 


The  value  of  Hc  Is  thus  specified  in  terms  of 
the  P  of  the  transistor  to  be  used,  the  safety 
factor  S  and  the  external  load  to  be  driven. 

If  the  load  is  capacitive  it  is  well  to  specify 
Rc  such  that 


(9) 


RcV 


Cf 


where  Cr  i3  the  loading  capacitance  and  f  is 
the  maximum  ircquency  at  which  the  circuit  is 
to  operate.  This  will  insure  reasonably  square 
output  waveforms . 


(3)  R  =  RBREXT 

+  RRXT 


where  RB  is  a  ba3e  biasing  resistor  and  R-^np 
is  the  external  load  resistance.  Assuming* 1 
that  the  maximum  R,  is  desired,  one  can  com¬ 
pute  Rf,  in  the  following  manner. 


Tne  voltage,  V„,  at  the  collector  of  the  "off" 
transistor  will  oe 


VC=  VCC 


h 

V^C 


neglecting  1^.  Substituting  Vc  =  0.7  Vcc 
the  following  equation  is  obtained. 


(4) 


°'7VCC=  vcc 


"l 

*L**C 


Sample  c:!leuliitior.s  of  R„  from  eq.  (7)  for 
two  transistor  types  follow: 

For  2N128  p  =  20,  S  =  h 


RC  =  RBXT  -  ^  REXT 

For  2N77  P  =  50,  S  =  4 


'C  - 


Rgy,, 


1  R 
4 


EXT 


The  results  indicate  that  Jf  all  other  factors 
are  equal,  the  use  of  the  tran- J -*tor  with  the 
higher  P  will  result  in  a  larger  R  ^  (and  there¬ 
fore  lower  power  dissipation  for  tne  counter)* 


Unlng  equation  (8),  an  expression  for  in 
terms  of  the  external  load,  the  f3  of  the 
transistor  and.  the  safety  factor  can  be 
ob tained. 


Completing  the  solution  for  in  terms  of 
equation  (^)  is  obtained 

R-  =  0-3  K  =  1 _ K  or 

"  077  l  13  X 


Sub  tltutir.g  for  R,  from  equation  (?)  Ir.to 
equation  (;■)  the  following  is  obtained: 


(6)  R„1  1  .  R3REXT 

*8  *  RE3CT 

Substituting  for  FL,  FL  •  £  R-b 
obtained :  3  B  n  C 


following  in 


(i0)  Rg  =  R^  (3/33  -  1) 

In  the  derivation  of  equations  (7)  and  (10)  it 
was  assumed  that  Vc  >  >  V  ,  the  ouse  tc  emitter 
volt.ige  of  the  saturated  transistor,  and  that 
Rg  >  >  Rl  where  Rj  is  the  input  impedance  of 
the  saturated  transistor. 

The  resistor  ^  ib  chosen  to  limit  the  effect 
of  IcgQ  ln  the  '°^M  translator.  It  should  be 
3  cr  mere  times  larger  than  Rg  (Rg  >  pRg)  to 
prevent  loading  cf  the  "on"  transistor.  Often 
Eg  is  returned  to  a  positive  voltage  +Vgg 
rather  than  to  ground.  Ir.  this  event  tVjjg  Is 
chosen  such  that 

+  Jn3  -  :CBC- 
R= 


p/s  3  R 


p/s  R 


EXT 


EXT 


at  the  highest  expected  temperature. 


0 


he 
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For  shortest  recovery  time  of  the  binary; 

Rjr  should  be  small.  However,  a  lower  limit  for 
RjC  of  about  5p£  (R^  >  5KC)  is  necessary  to 
limit  feed-through  and  loading.  A  value  often 
used  is  RK  *=  10  Rc. 

The  cross-coupling  capacitors  should  be 
large  enough  to  transfer  enough  charge  to  switch 
the  transistor  from  "off"  to  "on."  They  should 
not  be  so  large  as  to  transfer  appreciable 
charge  to  the  collector,  of  say,  T,,  when  is 
'on"  and  the  reset  diode,  Dg,  1b  pulsed.  Theory 
predicts  that  for  the  highest  3peed  of  operation 
VcCC  should  be  greater  than  Q ,  the  charge  stored 
in  the  base  region  of  the  "on  transistor,  ex¬ 
cluding  charge  due  to  saturation. 


It  may  be  shown  that  the  charge  required  to 
turn  "off"  a  transistor  is  approximately 


(U)  ^  -  Qa  *  Qs  - 


>  >  I  *  =  cc 


*  K  (S  -1)  I„* 
B 


through  use  of  fibers'  and  Moll's  nne-dlmen- 
alonal  transistor  theory.  The  charge  Qg  is 
the  additional  charge  Itored  In  the  base  region 
due  to  saturation.  The  factor  "K"  depends  on 
the  forward  imd  reverse  alphas  and  alpha  cut¬ 
off  frequencies.  For  the  2877  type  transla¬ 
tors  this  factor  Is  about  2.0  x  10"6  seconds. 
The  factor  "3"  Is  the  safety  factor  previously 
mentioned.  For  3=1  the  transistor  13  at  the 
edge  of  saturation  and  no  charge  Is  stored  due 
to  saturation.  Experimental  measurements  have 
determined  that  the  theoretical  values  given 
by  equation  (ll)  agree  with  the  actual  turn¬ 
off  charge  within  20^6  for  the  transistor  types 
2N207,  2N217,  GT765,  28128. 4 

One  may  choose 

(12)  VCC  c=  l.kQ  *  =  1'4VtC 

2  n  f  cTiTf  FT7 

aco  aco  c 

;nd  get  equation  (13)  by  the  following  substi¬ 
tutions: 

1  .uV 

o  •  Tv_  _  c  - vcc 


2  if  KT 


C3)  G  -  1 

Kt  R_ 
aco  C 


coupling  capacitors  are  omitted  the  transition 
time  of  the  flip-flop  is  approximately  equal  to 
the  time  for  the  "off"  transistor  to  turn  on 
with  current  drive  through  R^  only.  This 
switching  time  may  be  computed  directly  from 
Ebers'  and  (fell's  equations  or  from  some  nomo¬ 
graph  such  as  "Switching  Time  Nomographs"  by 
T.  A.  Prugh,  Electronics,  No.  17;  P«  72, 
April  25,  1958.  It  is  difficult  to  calculate 
the  transition  time  if  the  cross- coupling 
capacitors  are  included.  However,  experimental 
results  show  that  the  trails! tion  time  for  a 
circuit  with  cross- coupling  capacitors  can  be 
less  than  l/3  the  transition  tijne  for  the  same 
circuit  without  cross  coupling  capacitors. 

The  input  capacitors  C  and  should  be  as 
small  as  possible  to  allow  shortest  recovery 
time  of  the  binary  counter.  However,  for  good 
operation  of  the  binary  counter  described  here¬ 
in,  the  input  pulse  must  completely  switch  the 
"on"  transistor  to  "off."  This  requires  that 


V1CR  ^  S 


where  V  is  the  minimum  input  voltage  tc  the 
binary  counter  and  Is  the  charge  required  to 
turn  "off"  the  "on"  transistor.  In  cases  where 
the  turn-off  charge  and  minimum  input  signal 
•  ;re  known  the  values  of  Cs  and  Cr  may  be  com¬ 
puted  directly.  If  Is  not  known  then 

C  *  C  > 

3  R  „ 

I 

will  give  usable  values  of  C3  and  C_.  In  cir¬ 
cuits  which  use  cross-coupling  capacitors  It  Is 
well  to  specify  C„  =  CR  »  JCg.  Much  larger 
values  of  Cg  and  C_  are  sometimes  used  but  one 
must  insure  that  the  time  constants  R  C  and 
RjjgC  eve  small  compared  to  the  time  between 
Input  pulses. 

For  roon  temperature  operation  and  at  col¬ 
lector  current  level 3  high  compared  to  Blrnn’ 
e.g.  Jc*  >  1  ma-  for  2877  type  transistors, 
practically  any  lloder-  will  suffice,  e.g. 

1N99,  1N51*,  1856.  For  operation  at  high 
temperature  or  at  collector  current  I,.*  compar¬ 
able  to  BIqbq  the  back  Impedance  of  tfie  diodes 
must  be  high  (greater  than  10  megohms).  Other¬ 
wise  voltage  leakage  to  the  transistor  bases 
from  points  C  and  D  wll_'.  offset  the  effect  of 
the  positive  bins  voltage  and  cause  the  circuit 
to  fall. 

Summary  of  Basic  Design 


In  practice  the  value  of  Cg  used  19  usually  2 
to  1  times  larger  than  the  value  of  C^,  calcu¬ 
lated  from  equation  (15).  This  allows  for 
external  capacitive  leading  of  the  collector. 
If  highest  speed  of  operation  Is  not  of  Impor¬ 
tance  the  cross-coupling  capacitors  are  un¬ 
necessary  with  the  type  cf  steering  described 
ir.  this  paper.  In  the  event  that  the  crcss- 


Given  the  basic  criteria  of 

1.  Output  Signal  Power  Required,  V„, 

Rft 

nvrrJ  '•'r 


2.  Input  3igral  Available,  V- 


3*  Maximum  Counting  Speed 
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to  design  a  two- transistor  binary  counter  as  7.  Total  number  of  components 

shown  in  Figure  2  one  proeeed.3  a3  follows:  Q.,  Cost  per  unit 


1.  Select  a  translator  with  >  10  f . 

2.  Choose  Vcc  >  1.4  vc 

5.  Compute  Rc  from 

-  Rc  <  Son 

3p 

choosing  3=4  and/or  insure  that 


Often  in  large  systems,  although  Impedance 
levels  may  be  fixed,  the  supply  voltages  and 
current  levels  may  he  flexible.  In  such  cases 
a  generalized  connon-emitter  HOB  circuit  may 
be  considered.  Dlls  circuit  may  then  be 
designed  ior  minimum  power  dissipation.5  Two 
NOR  circuits  connected  properly  form  a  binary 
counter,  If  steering  circuits  are  also 
supplied . 


RC°L  -  — 
C  L  10  f 


4.  Compute  Rg  from 

*B  -  %  *  *>  "HI 

5.  Choose  R^  =  10  R^ 

6.  Choose  Rg  =  5  Rg 

7.  Choose  V__  >  I_.R_  for  worst  I 

^  ,3b  -  C3G  3  oau 

expected 

8.  Compute  from 


"W’c 

9.  Compute  Cg  =  CR  from 

Cg  »  C  »  3CC  if  cross-coupling  capac¬ 
itors  are  used:  Compute  C„  «  C„ 
a  k 

CQ  =  c >  6  if 

3  R  *  7T  R. 

aco  C 

cross- coupling  capacitors  are  not  m-.ed. 
Insure  that 


RK1CS  RK1)CR  |f 


10.  Choose  high  back  ircpedance  germanium 
diodes  or  silicon  diodes  for  higher 
temperature  or  low  current  (01  ^  Ip*) 

operation.  Choose  any  germanium  diode 
for  high  current.  (0I«-^  <  Ic*)  and 
room  temperature  operation. 


Additions  for  Second  Level  Desig 


The  second  level  of  design  I3  that  of  a  cir¬ 
cuit  to  work  in  a  field  system,  such  as  a  com¬ 
puter  In  which  marginal  checking  nd  unit 
replacement  ore  allowed.  At  the  second  level 
of  design  other  factors  enter,  such  :.s: 


Total  power  consumption 

5.  Circuit  tolerances  (margin) 

6.  Temperature  considerations 
( environmental ) 


The  circuit  tolerances  of  a  binary  counter 
must  be  known  if  the  circuit  is  to  be  UBed  in 
a  large  system.  This  covers  items  such  a3: 

"will  the  circuit  fall  to  operate  if  the  Input 
voltage  decreases  20%;  If  the  supply  voltage 
drops  10%;  If  the  collector  resistors  Eire  dif¬ 
ferent  by  30%?."  One  arrives  at  the  concept 
of  margins  and  marginal  checking  to  evaluate 
circuits.  The  curves  in  Figure  4  show  one  con¬ 
cept  of  margins.  The  plots  are  allowed  per¬ 
centage  decreases  of  input  voltage  before 
failure  occurs  vs.  counting  frequency.  The 
curve  labelled  "A"  is  for  a  type  of  dircct- 
coupled  binary  counter.  The  curve  labelled 
"B"  ie  for  an  optimized  emitter-follcver- 
eouplcd  binary  counter.  Either  of  the  circuits 
will  operate  if  the  input  voltage  is  above  the 
iir.es  shown. 

Consider  the  case  of  operation  at  10MC. 

This  is  practically  the  upper  frequency  limit 
of  circuit  A.  A  1%  decrease  in  the  input  sig¬ 
nal  from  the  nominal  100%  input  level  would 
cause  this  circuit  to  fall.  Circuit  B,  on  the 
other  hand,  will  operate  if  the  signal  de¬ 
creases  15%  from  its  nominal  input  value  at 
10MC.  However,  at  1MC  the  situation  has 
changed.  At  this  point  the  circuit  A  will 
operate  if  the  input  voltage  ia  decreased  50% 
from  the  nominal  value  while  circuit  B  must 
receive  a  signal  within  30%  of  its  nominal 
value  to  operate  properly.  For  10MC  operation 
it  is  clear  which  circuit  would  be  used  for 
reliable  operation.  For  INC  operation  there  is 
a  choice. 

In  marginal  checking,  the  problem  is  tc  find 
a  so-cailed  "handle"  to  vary  which  will  cause 
circuits  which  are  near  failure,  or  "marginal, " 
tc  fail.  In  the  case  of  the  binary  counter  a 
good  "handle"  In  many  cases  proves  to  be  the 
positive  voltage  supply,  +VgB-  If  a  circuit  is 
near  failure  because  of  high  I™,  due  to  temper¬ 
ature  cr  age,  lowering  the  positive  voltage  will 
cause  the  circuit  to  fall.  If  the  circuit  is 
near  failure  due  to  a  decrease  in  3,  in¬ 
creasing  the  positive  voltage  above  the  design 
value  will  cause  the  circuit  to  fall.  Upper 
and  lower  limits  before  failure  may  be  set  ir. 
both  cases. 

The  design  value  of  the  positive  voltage,  in 
particular,  must  be  determine!  by  the  highest 
expected  temperature  of  operation  .and  the  ex- 
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petted  Ipgo  -hat  temperature.  However,  if 
low  temperature  operation  is  also  anticipated 
the  safety  factor  (8)  must  be  chosen  high 
enough  that  the  decrease  in  0  with  lower 
temperature  will  not  cause  circuit  failure. 
Silicon  transistors  must  almost  certainly  be 
used  if  high  temperature  operation  is  desired, 
e.g.  150°  C. 

The  number  of  component  parts  used  in  a 
binary  counter  circuit,  is  a  compromise  between 
a  conservative  design  using  8-10  transistors 
per  stage  with  each  ttanslstor  performing  a 
simple  separate  function  (e.g.  logical  binary 
counter)  and  a  design  using  only  2  transistors. 
Reliability  may  be  higher  for  the  more  conser¬ 
vative  design,  but,  on  the  other  hand,  it  may 
not  be  since  long-term  reliability  varies  in¬ 
versely  with  the  number  of  active  components. 
Local  experience  has  shown  that  the  binary 
counter  design  (without  the  cross-coupling 
capacitors)  performs  very  well  for  low  fre¬ 
quency  operation  (less  than  lOkc)  with  the 
2N207  audio  transistor.  With  cross-coupling 
capacitors  and  using  surface  barrier  trans¬ 
istors  the  circuit  performs  with  greater  than 
10$  margins  up  to  2  MC.  If  emitter-followers 
are  added  and  higher  speed  steering  gates 
used,  the  circuit  will  operate  up  to  20  MC. 

This  l  ist  is  a  maximum  frequency  and  10  MC  or 
16  MC  is  thought  to  be  a  more  practical  limit, 
i.e.,  10$  or  greater  margins  on  input  voltage 
and  other  design  values.  The  binary  counter 
presented  herein  represents  a  good  compromise 
among  the  various  factors  mentl  nr.«a  .  There 
are  circuits  which  operate  faster  and  there 
are  circuits  which  theoretically  would  be  more 
reliable  for  random  counting  lr.  that  RC  time 
constants  would  not  be  used,  e.g.  the 
logical  binary  counter. 

The  average  cost  of  assembly  of  several 
breadboard  systems  at  DOFL  has  been  |iL0  per 
translator  and  associated  components.  Con¬ 
sidering  the  cost  of  the  transistors,  diodes, 
resistors,  and  capacitors,  the  type  of  binary 
counter  described  herein  has  cost  about  *30 
per  stage  ir.  a  breadboard  version.  If  the 
cost  per  transistor  remained  unchanged  the 
logical  binary  counter  would  cost  approxi¬ 
mately  8l0C  per  stage  in  a  breadboard  version. 
Microminiaturized  binary  counter  modules  now 
under  Investigation  may  eventually  cost  in 
the  range  of  <0.-43- 

Third  Level  Design 

The  third  level  cf  design  is  that  of  a 
circuit  to  be  used  in  a  system  where  unit 
replacement  is  impossible.  This  situation 
occurs  in  microminiaturization. 

The  design  requirements  for  a  circuit  to  go 
in  a  sealed  system  are  more  rigorous  than  for 
a  circuit  which  car.  be  replaced  if  defective. 


After  the  circuit  has  been  designed  and  thor¬ 
oughly  tested  in  a  breadboard  model,  it  is 
necessary  to  specify  a  rigorous  acceptance  or 
rejection  test  for  the  field  models.  Analysis 
of  the  circuit  must  be  so  complete  that  off- 
valuc,  weak,  or  defective  components  can  be 
identified  merely  by  observing  a  single  output 
waveform.  This  should  be  possible  even  if 
the  circuit  is  not  malfunctioning  at  the  time 
of  the  observation.  The  circuit  may  then  be 
rejected  before  potting  or  final  sealing,  or 
at  least  restricted  to  uses  in  which  its 
weaknesses  will  not  endanger  future  opera¬ 
tion  of  the  system.  For  instance,  if  it 
were  discovered  that  the  I™,.  of  bhe  trans¬ 
istors  was  higher  than  the  ae.aign  value,  the 
circuit  might  still  be  used  lr.  low  temperature 
applications  if  all  its  other  characteristics 
were  acceptable. 

If  the  circuit  uses  standard  sl2e  components 
the  waveforms  at  several  points  may  be  moni¬ 
tored.  In  the  case  of  the  binary  counter  de¬ 
scribed  in  this  paper  the  waveforms  at  points 
C  and  D  (Figs.  2  and  ?)  give  much  information 
about  the  circuit.  For  instance,  the  decay 
times  of  the  step  waveforms  Indicate  the  time 
constants  R, .C-  and  RX  •  These  time  constants 
compared  to  the  input  frequency  show  how  close 
the  circuit  is  to  its  maximum  frequency  of 
operation.  The  voltage  levels  at  points  C  and 
D  indicate  the  collector  voltage  of  the  off 
transistor  and  thereby  indicate  the  T,  .  The 
height  of  the  positive  3pike  can  be  usec(  as  a 
measure  of  the  charge  required  to  turn  off  li.e 
"on"  transistor  if  the  input  signal  and  diode- 
characteristics  are  known.  This  height  in¬ 
directly  measures  the  alpha  cutoff  frequency 
of  the  transistors  in  the  binary  counter.  The 
points  C  and  D  in  a  binary  counter  would  then 
be  good  points  to  monitor  for  an  acceptance 
test. 

In  the  microminiaturized  D0FL-2D  binary 
counter  wafers  now  being  studied  only  one  out¬ 
put  terminal  Is  available.1'  This  point  is  the 
output  of  or.e  collector  which  would  normally 
drive  the  following  stage.  The  resistors  In 
this  wafer  are  carbon  deposited  strips,  the 
capacitors  are  silver  fired  area3,  the  diodes 
are  germanium  dots  and  the  transistors  are  hits 
of  germanium  mounted  in  holes  In  the  1^2  inch 
by  i/2  inch  by  i/ 30  inch  ceramic  plate  (hence 
the  name  2D).  Checking  the  internal  connection 
with  a  probe  and  an  oscilloscope  is  difficult 
unless  the  probe  Is  very  sm;tii.  If  the  wafers 
are  potted  cr  stacked,  this  becomes  impossible. 
Three  different  approaches  have  been  made  to 
find  out  about  the  individual  circuits  through 
the  use  of  the  external  connections  only. 

First,  resistance  measurements  have  been 
made  between  all  terminals  taken  two  at  a 
time.  This  method  can  identify  seme  catas¬ 
trophic  failures  and  is  good  to  detect  "leakage 
paths."  However,  the  test  is  a  dc  test  and 
somewhat  limited  ir.  scope. 
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Secondly,  a  aeries  of  so-called  ’’standard 
teats"  was  set  up,  and  run  under  the  following 
conditions: 

-Vrr  *  -1.5  volts 

+Vrr  =  +1.5  volts 

Input  signal  1.5  volts  p-p 

Square  wave  from  source  as  in  Figure  4 

R  =  1  K  at  a  frequency  cf  1  kc 

Room  temperature  (50°) 

Circuit  unloaded  except  by  oscilloscope 

The  following  tests  were  performed: 

(1)  Output  voltage  was  measured;  waveshape 
noted. 

(2)  Positive  voltage  decreased  to  zero  or 
until  circuit  fails  to  operate  correctly. 
Output  voltage  at  c  0  or  plus  bias 
voltage  when  failure  occurs  was  measured. 

(3)  Tipper  and  lower  limits  on  input  voltage 
before  failure  was  measured . 

(4)  The  collector  voltage  was  lowered  until 
the  circuit  failed.  Operation  at  -3 
volts  Was  also  checked  (yes  or  no) 

(5)  Maximum  resistive  load  and  maximum 
capacitive  load  before  failure  was 
measured . 

(6)  Upper  frequency  limit  was  determined. 
Also,  resistor  R~  va3  varied  from 
100  to  10  K  and  the  upper  fre¬ 
quency  limit  was  noted  at  each  value 

of  ly 

(7)  Circuits  were  labelled  and  un j  anomalies 
noted . 

The  expected  results  of  the  standard  tests 
can  be  computed  from  the  circuit  design.  These 
results  are  then  compared  with  the  results  ob¬ 
tained  from  a  breadboard  model.  Any  differences 
are  corrected  by  improved  theory  and  rc-desig**. 
Next,  the  results  from  the  2D  wafers  are  com¬ 
pared  with  the  breadboard  circuit  results. 

Any  differences  will  be  due  to  off- value,  we.ik 
or  defective  components.  Ir.  some  cases  the 
values  cf  the  components  in  the  circuit  (2D) 
can  be  determined  and  if  they  are  too  far  off, 
the  information  can  be  fed  back  to  the  makers 
cf  the  2D  wafers. 

The  third  method  of  analysis  which  has  been 
tried  is  as  follows.  Resistors,  capacitcr3 
and  diode3  in  a  breadboard  model  of  the  binary 
counter  are  systematically  bridged,  sherted 
or  opened.  Also,  transistors  with  very  high 
0  ar.d  very  lew  0  are  substituted  ir.  the  unit. 

The  effect  of  these  mutations  is  observed  on 
the  accessible  waveforms,  in  the  case  of  the  2D 
binary  counter,  the  output  waveform.  Knowing 
these  causal  relationships  a  first  order 
analysis  of  the  circuit  condition  can  be  made 
by  carefully  observing  pips,  slopes  and  ampli¬ 
tudes  cf  the  output  waveform. 


Summary  of  Third  Level  Design 

The  additional  problem  encountered  in  third- 
level  design,  or  the  design  cf  units  for  non- 
relnceable  enclosure  in  field  equipment,  is  the 
development  of  a  rigid  acceptance  or  rejection 
test.  This  test  must  do  more  than  give  a  yes, 
no  answer  to  the  question,  "Is  the  circuit 
working  now?"  The  test  must  determine  whether 
the  P-argins  of  the  circuit  are  large  enough  so 
that  the  circuit  will  continue  to  operate  for 
a  tine  longer  than  the  projected  life  of  the 
piec-»  of  equipment.  This  may  be  shelf-like  or 
operational -life  or  both.  Three  methods  have 
been  presented  for  use  in  such  a  test.  The 
first  uses  resistance  matrix  methods,  the 
second  uses  a  series  of  "standard  tests"  and 
the  third  UBes  a  detailed  waveform  analysis. 

The  waveform  analysis  3eema  the  simplest  to 
use  if  enough  information  can  be  gotten  from 
it.  However,  this  method  also  requires  the 
most  complete  circuit  analysis.  It  may  further 
require  specially  trained  per;^>nnel  nr  special 
equipment  to  implement  the  tests. 

Conclusions 

Tie  binary  counter  is  now  being  studied 
from  the  standpoint  of  a  third-level  design. 
Attempts  will  be  made  to  refine  the  technique. 
Other  circuits  will  also  be  studied  from  this 
standpoint.  The  application  of  a  thorough 
design  procedure,  as  exemplified  by  the  three- 
level  design,  will  result  in  more  reliable 
electronic  systems  for  both  military  and  com¬ 
mercial  uses. 
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Figure  1  .  Twc-Transifltor  Flip-Flop  Vltb  9c t 
and  Reset  Network j 


Figure  2.  Two  Transistor  Binary  Counter 


Figure  5.  Waveforms  in  Two  Transistor  Binary 
Counter 
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FREQUENCY,  MC 

Figure  4,  Input  Voltage  Decrease  Before  Failure 
vs.  Counting  Frequency 
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A my  Signal  Corps  progress  toward  miniature  electronic  equipments  oxploting 
the  transistor  and  printed  circuits,  will  be  reviewed.  Micro-miniaturization 
objectives  will  be  quantitatively  developed,  the  criteria  which  guided  the 
establishment  of  the  Army's  definitive  Micro-Module  program  will  bo  presented. 

The  specific  functional  objectives  of  the  Amy  Micro-Module  program  in  terras  of 
audio,  IF,  RF  and  computer  circuits  will  bo  presented.  The  range  of  Army  tacti¬ 
cal  environments  from  portable  and  ground  equipments  thru  missile  and  satellite 
environments  will  be  discussed  as  micro-module  requirements.  Reliability 
attributes  and  requirements  of  rdcro-modules  will  be  analyzed.  Recently  developed 
Micro-Miniature  techniques  adaptable  to  Micro-Modules  will  be  reviewed.  Indi¬ 
vidual  component  capabilities  and  solid  state  circuits  available  at  present  and 
anticipated  in  the  near  future  will  be  presented.  Effect  of  Micro-!  toduies  on 
Amor  Electronic  Equipments  will  be  discussed.  Overall  advantages  to  the  Army  in 
terms  of  increased  tactical  capabilities,  (namely  size  reduction,  reliability 
increase,  cost  reduction,  and  maintenance  reduction)  thru  broad  use  of  Micro- 
Modules  will  be  given. 


Extensive  effort  has  been  applied  in  the  field  -  \ 
of  Ticromiriaturizat.ion  in  the  past  t-’O  years 
iind  some  examples  of  effective  microminiaturiza¬ 
tion  can  cited  to  show  that  progress  is  helng 
made.  But  this  growth  of  our  microminiaturiza¬ 
tion  rapaMlit-ies  has  bean  random  and  uncoordina¬ 
ted. .  ..lacking  unity  in  the  goals  being  sought 
and  in  the  methodology  employed.  Prior  to  the 
advent  of  the  transistor  and  printed  circuits, 
the  zenith  of  oocompli aliment  in  practical  minia¬ 
turization  capability  as  typified  by  the  Amy’s 
Handy  Tslkie.  The  density  of  the  per  to  packed 
into  this  chassis  is  about  8000  parts/eu.  ft. 

(Fig.  la).  A  very  substantial  further  minia¬ 
turization  and  simplification  of  manufacture  of 
military  electronics,  resulted  from  the  use  of 
transistors  and  solder  dipped  printed  wiring. 


(a)  («») 

Figure  1.  -  Army's  Handy  Talkie  (a)  and  HeLmst 
Radio  (b) . 


These  tools  have  been  applied  to  the  Army's 
Helmet  Radio,  (Fig.  lb)  an  extremely  compact 
receiver-transmitter  with  an  orderly  disciplined 
layout,  making  nuch  better  utilization  of  space. 
Here  we  have  improved  our  miniaturization  capa¬ 
bility  shout  6  fold,  from  the  8000  parts/cu,  ft. 
for  the  handwired  set  over  50,000  parts/cu.  ft, 
for  the  printed  circuit  design. 

He  recognize  however  that  w*  are  reaching  a 


new  limit  to  size  reduction  with  presently  availa- 
ble  construction  approaches. .. .a  new  plateau,  so 
,to  speak,  heyord  which  v.e  see  only  small  incre¬ 
mental  improvements  toward  the  more  compact 
requirements  demanded  for  Army  electronics. 

The  Army  micro-modulo  program  offers  a  practi¬ 
cal,  fsasible  approach  which  will  permit  the 
attainment  of  packaging  densities  of  500,000 
parte/cu.  ft.  The  key  to  tbiB  system  1b  simple.. 
..all  the  elements  (the  resistors,  capacitors, 
inductors,  transistors  and  so  on)  have  similar 
physioal  size  and  shape  so  that  thsy  can  be  very 
efficiently  stacked  with  each  other.  An  aggre- 
gate  of  stacked  elements  is  appropriately  inter¬ 
connected  with  riser  wires,  is  encapsulated  and 
becomes  a  monolithic  non-repairable  body.  This 
body  called  a  micro-module  performs  a  circuit 
function  and  in  effect  becomes  a  sub-assembly  of 
a  completed  equipment.  The  micro-module  system 
will  be  capable  of  performing  a  full  range  of 
basic  electronic  circuit  functions  involving  a 
1  to  2  watt  maximum  power  dissipation  per  module, 
an  Initial  upper  frequency  limit  of  70  me  with 
progressive  capability  to  150  me  and  maximum 
digital  switching  rats  of  10  me. 

Specific  micro-fiodules  will  be  designed  and 
constructed  to  demonstrate  and  to  provide  for 
adequate  evaluation  of  a  full  range  of  basic 
audio,  I-F,  RF,  digital  computer,  and  oscillator 
circuit  capability. 

He  have  divided  the  Army  eouipment  into  five 
categories  each  of  which  we  associate  with  a 
unique  eet  of  environmental  requirements.  These 

requirements  are  spelled  out  quantatively  as  the 
goals  of  the  full  niero-nodule  program  (Fig.  2). 
The  spectrum  of  temperature  reouirements  for 
these  equipments,  ranges  from.  -55°C  to  85°C  for 
grourri  portable  devices,  projectiles  and  satel¬ 
lites  up  to  2CC°C  for  vehicular  and  missle 
applications.  The  range  from  85°C  to  125°C  is 
our  goal  for  the  first  two  year  phase  of  the 
program.  Vibration  requirements  range  from  the 
standard  10  tc  55  cycles  for  the  fc-und  and  vehi- 


VINCENT  J.  KUBLIN 


environmental  spectrum 


Figure  2.  -  Categories  of  Army  equipment,  and 
environmental  requirements  for  each  category. 


cular  equipments  to  10  to  2000  oyclea  up  to  20 
g's  for  the  other  equipment  categories.  The 
ability  of  Army  equipments  to  work  in  their  ex¬ 
treme  air  pressure  environments  is  defined  by  the 
following  requirements I  Portable  and  vehicular 
equipments  must  operate  without  malfunction  of 
any  kind  at  altitudes  up  to  10,000  ft.  Missile 
and  projectile  altitude  extremes  have  been  set 
at  150,000  ft.  The  satellite  electronics 
environment  has  been  set,  down  as  dead  vacuum  for 
all  practical  purposes. 


All  micro-modules  will  be  required  to  with¬ 
stand  50g,  8  millisecond  shocks  as  a  minimum. 

In  addition  the  projectile  and  satellite  modules 
will  bo  required  to  withstand  15,000  g'3  of  8 
millisecond  duration  an  well  as  a  spin  of  20,000 
rpn. 


Other  standard  tests  such  as  high  and  low 
temperature  and  long  term  storage,  moisture  and 
temperature  cycling  and  salt  tests  complete  the 
liet  of  Army  tactical  environments  to  which  the 
micro-modules  will  be  subjected. 


A  typical  example  of  the  effect  of  micro¬ 
modules  on  Army  Electronic  equipments  can  be 
illustrated  by  the  electronics  contained  in  a 
satellite.  (Fig.  3)  They  consist  of  disks  five 
inches  in  diameter  and  three-uuarters  of  an  inch 
thick.  Six  of  them  are  stacked,  and  with  their 
battery  supply  fill  a  cylinder  8-1/2"  long.  Also 
shown  on  the  extreme  right  is  the  micro-module 
equivalent  which  le  1/10  the  sire.  The  size 
differential  is  really  significant,  and  should  he 
considered  from  two  points  of  view: 

(1)  In  terms  of  the  reduction  in  the  number 
of  pounds  of  dead  weight  and  fuel  required  to 
propel  the  smaller  package  into  apace,  or 

(2)  If  the  total  size  and  weight  is  not 
changed  how  much  more  electronics  could  be 
crammed  into  the  satellite.  The  added  electronic 
circuitry  could  serve  a  variety  cf  functions  such 
as  increased  Instrumentations. 


pjeliability  goals  have  heen  expressed  In  terms 
of  mean  tine  to  failure  for  a  50  part  module. 
Basically,  the  50  part  module  reliability  require¬ 
ment  is  for  15,000  hours  or  about  21  months  mean 
time  to  failure  within  the  temperature  range  -55^ 
to  85°C  and  under  the  various  Servioe  environments 
Just  discussed.  Probably  a  more  familiar  way  to 
interpret  this  initial  goal  is  an  average  part 
failure  rate  of  about  one  tenth  of  1%/1000  hours, 

Tt  is  believed  that  this  goal  can  be  reached 
because  of  the  following  inherent  reliability 
advantages  of  micro-modules: 

First  there  is  the  basic  simplicity  in  circuit 
part  construction:  next,  is  the  fact  that  the 
circuits  and  mt cro-elements  are  simultaneously 
designed  for  compatibility.  Third,  is  the  comple¬ 
te  freedom  to  explore  new  materials,  configuration 
processes  and  assurance  measures,  without  being 
limited  by  conventional  state  of  the  art.  Fourth, 
the  high  degree  of  automation  toward  which  micro¬ 
modules  have  been  tailored  means  greater  uniform¬ 
ity  and  more  reproducible  reliability.  Fifth, 
reliability  risks  due  to  improper  electrical  and 
mechanical  application  of  parts  would  be  eliminw 
ated.  And  finally,  the  rigid  one  piece  construc¬ 
tion  offers  extreme  ruggedness. 


Figure  3.  -  Present  aid  proposed  micro-module 

version  of'  Vanguard  satellite  equip¬ 
ment  . 

Our  micro-module  program  will  increase  the 
Army's  tactioal  oapabilities  first  by  reducing 
the  massivsness  of  our  new  eleotronios  by  a 
factor  of  ten}  second  by  gaining  greater  per¬ 
formance  dependability  of  micro-module  circuitry 
due  to  superior  shook  and  vibration  resistance  of 
these  tiny  aggregates]  third  by  -eduoing  the 
economic  burden  of  our  growing  electronics.  It 
is  expected  that  up  to  50%  cost  reduction  will  be 
realized  in  the  construction  of  finished  equip¬ 
ments  in  large  quantity  production  using  this 
concspt.  The  fourth  tactical  advantage,  reduced 
maintenance,  perhaps  can  be  best  expressed  this 
may:  If  *e  had  this  concept  in  full  effect  today, 
we  could  keep  our  current  eoulpments  in  combat 
readiness  ■■■)  t.h  only  l/5  of  the  present  technical 
manpower  and  maintenance  monies, 

(4) 

Now  I  v.ould  like  to  review  the  progress  to 
date  on  the  micro-module  program  In  regard  to  the 
wafers,  resistors,  capacitors,  inductors  and 
crystals,  scheduled  for  intial  micro-element 
design.  Mi  j  or  eff  >"t  is  directed  towards  ex- 
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plotting  existing  state-of-the-art  to  the  micro¬ 
module  ooneept  through  appropriate  design  re¬ 
packaging. 

First  let  us  look  at  the  micro-element  wafer. 
(Fig,  4)  The  ourrer.t  design  has  12  notohee  and 
is  .3"  x  .3"  sq.  x  .010"  thiok.  '.'Iherever  possi¬ 
ble,  the  substrate  wafer  will  be  functioning 
part  of  the  micro-element.  In  certain  applica¬ 
tions,  it  will  be  used  as  a  support  for  the 
element.  Of  the  many  substrate  materials  in¬ 
vestigated,  alumina  and  glass  shoe  ths  most 
immediate  promise. 


Figure  4.  -  Standard  substrate  wafer  for  micro¬ 
module  program. 


The  methods  of  assembly  of  the  micro-element 
into  the  micro-module,  ■■hethar  it  is  used  as  a 
support  or  as  a  functioning  wafer  in  the  module, 
are  being  investigated,  ^ig.  5)  One  possible 
solu  ion  is  the  use  of  conventional  riser  wires 
whioh  are  soldered  to  each  of  the  wafer  notches. 
Another  assembly  method  under  investigation  is 
the  use  of  wafers  without  notches .  where  the 
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ceramic  CAPACITOR- 


Figure  5.  -  Typical  wafer  components  for  micro¬ 
modules. 


riser  wires  are  welded  directly  to  the  wafers. 
The  inherent  advantages  of  using  the  unotched 
wafers  are  greater  soldering  surface,  more  adapt¬ 
able  to  welding  techniques,  and  increased  clear¬ 
ance  between  risers,  which  ore  rectangular  in 
cross  section. 

Shown  at  the  top  of  Fig.  6  is  a  commercial 
precision  metal  film  resistor  element  evaporated 
on  the  glass  substrate  whioh  is  approximately 
40  mils  thick.  It  has  been  out  out  of  its  over¬ 
all  protective  envelope.  Directly  below  is  the 
.3  x  ,3  inch  micro  part  shape.  The  active 
resistor  area  of  the  element  shown  on  top  is 
approximately  .08  square  inches.  At  the  present 
time,  cnly  ndehrome  and  tin  oxide  film  resistors 
on  plaas  substrates  will  be  considered.  Since 
the  resistor  covers  an  area  where  a  great  deal  of 
experience  exists  in  industry,  an  appreciable 
portion  of  the  effort  has  been  spent  in  attempt¬ 
ing  to  determine  suitable  subcontract  scuroes. 

RCA  is  non  negotiating  with  several  resistor 
manufacturers  for  the  purchase  of  either  a 
nichrome  or  tin  oxide  elemsnt  on  the  ,3  x  ,3  x 
10-mil  wafer.  The  completed  wafer  will  then  be 
evaluated  for  conformance  to  specification  re¬ 
quirements  .  Resistors  of  ohmic  value  ranging 
from  1,CCC  chas  to  118,000  ohm  have  boon  made 
from  nichrome  films  evaporated  on  .3  x  .3  >  10- 
mil  glass  and  vie  re  found  to  have  excellent  TC  and 
stability  characteristics. 
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Figure  6.  -  Commercial  metal-film  resistor  com¬ 
pared  in  size  with  basic  micro-part. 


Let  us  now  review  the  capacitor  progress. 

The  capacitors  fall  into  three  basic  categor¬ 
ies: 

1)  Precision 

2)  General  Purpose 

3)  Sleetrolytic 
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Shonn  in  Pig,  7  is  a  typical  micro-element 
capacitor.  The  substrate  is  actually  the 
dielectric  for  the  capacitor.  By  using  differ¬ 
ent  materials  as  the  dielectric  the  characteris¬ 
tics  of  the  units  oan  range  from  precision 
temperature  coefficient  types  to  general  purpose, 
high  capacitance,  by-pass,  and  coupling  units. 
Capacitance  values  as  high  as  1,000  mmf  for  the 
precision  types  oan  he  obtained  on  the  single 
wafer.  By  making  use  of  the  extremely  high 
dielectric  oonstant  materials  me  are  able  to 
achieve  capacitance  values  as  high  as  ,2  mfd 
per  wafer,  Micro  element  capacitors  with 
dielectrio  constants  varying  from  15  to  6,000 
are  being  purchased  by  RCA, 

I2ZZ2  SIIVEI  («  OTHER  COIOUCTIV!  FILM) 


Figure  7.  -  Capacitor  micro-element. 


In  addition  to  the  basic  eeram!  c  wafer  capaci¬ 
tor  an  evaluation  io  being  made  of  the  multi-lajed 
capacitor.  In  thia  case,  a  number  of  layers 
of  dielectrio  and  electrodes  arc  deposited  on  a 
ceramic  substrate.  The  dielectric  will  vary  from 
approximately  15  to  8,000  again  covering  the 
precision  and  general  purpose  applications. 
Purchase  orders  have  been  placed  for  a  cuantity 
of  these  multi-layer  capaoitors. 

Work  on  an  entirely  different  system  of  pro¬ 
ducing  thin  film  capaoitora  ie  being  aotivoly 
pursued,  The  film  consists  of  titlnate  particles 
in  the  matrix  of  SiOg  (fused  quart  structure) 
producing  dielootrio  constants  from  4  to  80. 

The  useful  thioknase  of  the  film  is  approximately 
.8  mils  with  an  0  temperature  coefficient  and 
with  Q's  approaohing  a  thousand  and  yielding  a 
capacitance  of  600  mmf  per  micro  element. 

slectrolytic  capacitors  will  be  used  to  cover 
the  capacitor  range  from  C.2  to  several  micro- 
farrads.  The  solid  tantalum  capacitor  is  ideally 
suited  for  this  application.  A  sintered  slug 
approximately  2C  mils  thick  has  been  produced 
ar.d  adapted  to  the  micro-element  design  yielding 
a  capacitance  of  approximately  10  mfd.  Another 
material,  cclumhiun,  is  also  being  evaluated 
for  use  in  electrolytic  capacitors.  The  sint¬ 
ered  slug  used  in  the  construction  of  the  solid 
unit  ray  possibly  he  used  as  the  basic  micro¬ 
element  part. 

Now  let  us  look  at  the  progress  on  inductors. 


ToroidB  have  initially  been  chosen  for  the 
inductor  sinoe  they  permit  achievement  of 
higher  inductances  and  less  stay  magnetic  fields 
competed  to  other  known  configurations.  Fig.  8 
shows  a  toroid  ooil  mounted  on  a  micro  oapaoitor 
element  comprising  a  timed  circuit. 


Figure  8.  -  Tuned-circuit  micro- element. 


Bines,  in  this  configuration,  the  coil 
characteristics  are  almost  completely  controlled 
by  the  core  material,  in  this  case  ferrite, 
major  effort  has  been  expended  on  control  of 
materiel  properties. 

‘.York  to  date  has  resulted  in  a  ferrite 
material  whose  temperature  coefficient  of 
permeability  can  be  controlled  from  -200  to 
/  5,000  ppra/°C  with  a  tolerance  cf  £  56  ppm/°C. 
Coils  having  the  required  inductance  and  Q  have 
been  made  on  a  .2"  OD  toroid. 

The  final  item  that  I  will  review  is  the 
Ouartz  Crystal. 

Ouartz  crystal  units,  used  for  frequency 
control  applications,  are  capable  of  '•■■eiiv;  re¬ 
duced  in  si 70  to  be  oompatable  with  other 
portions  cf  the  Ki cr o-Mcdule  Program, 

Presently  its  are  concerned  ith  the  status 
of  crystal  units  in  the  7  to  7C  me  range,  Cn 
the  left  hand  side  of  Fig.  9  is  the  sub-nlnia- 


Figure  9.  -  Comparison  of  size  cf  cased  conven¬ 
tional  and  micro-module  crystals. 
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tura  holder  tvhioh  is  now  used. 

On  the  right  aide  is  shown  a  8  mo  crystal 
mounted  in  a  plastio  holder  to  demonstrate  one 
form  for  a  MM  crystal.  Final  fabrication 
would  contemplate  a  ceramic  holder  1/16  the 
size  of  the  unit  on  the  left. 

Present  plans  oall  for  fundamental  crystals 
from  7  to  20  mo  and  overtone  units  from  20  to 
70  mo.  The  tentative  po^er  ratings  are  5  rov 
and  1  m  for  the  respective  type3. 
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TWO-DIMENSIONAL  TRANSISTOR  PACKAOINO 


Jay  W.  Lathrop*,  Janes  R.  Nall  and  Robort  J.  Anstoad 
Diamond  Ordnanoe  Fuze  laboratories,  Washington  25,  D.  C. 

Miniaturization  techniques  were  first  successfully  applied  to  circuit  wiring  and 
to  passive  components.  The  relatively  large  size  of  semiconductor  components  be¬ 
came  the  limiting  factor  in  further  reducing  over-all  circuit  volume.  To  overcome 
the  problem  of  the  large  transistor  package,  several  techniques  have  been  developed 
at  DOFL  for  working  with  caselesa  transistors.  These  techniques  allow  the  active 
element  of  the  transistors  to  be  incorporated  as  an  integral  part  of  a  two-dimen¬ 
sional  ceramic  printed  circuit  plate.  Foremost  of  these  is  the  extension  of  photo¬ 
lithographic  techniques,  first  developed  for  the  fabrication  of  transistors,  to  the 
case  where  the  transistor  can  be  effectively  masked  and  placed  in  a  two-dimensional 
printed  circuit  plate  so  that  the  leads  may  be  vacuum  deposited  to  connect  the  base 
and  emitter  contacts  to  the  printed  wiring.  In  addition,  two  methods  of  encapsulat¬ 
ing  alloy-type  transistors  have  been  developed,  one  non-hemetic  and  the  other  her¬ 
metic.  In  the  non-hermstically  sealed  technique,  a  low-frequency  transistor  is 
sealed  in  a  two-dimensional  printed  circuit  structure  by  Inserting  the  transistor, 
collector  side  down,  into  a  machined  depression  in  which  a  man  hole  has  been  sand¬ 
blasted  through  the  ceramic.  By  heating,  the  collector  material  ie  caused  to  flow 
through  the  hole  to  form  a  contact.  Connections  to  the  printed  wiring  are  made’  with 
a  conductive  epoxy  silver  cement. 

In  the  second  technique,  the  transistor  is  hemetically  sealed,  emitter  and  base 
side  down,  in  a  ceramic  similar  to  the  one  above.  The  hermetic  seal  Is  effected  by 
metalizlng  the  ceramic  around  the  depression  and  emitter  and  base  holes,  sealing 
high  melting  point  solder  over  the  base  and  emitter  connection  holes,  and  then  seal¬ 
ing  a  metal  plate  over  the  machined  depression  which  receives  the  transistor.  The 
metal  cover  plate  makes  ohmic  connection  with  the  collector  of  the  translator. 

These  sealed  unite  have  been  exposed  to  various  environments  with  no  change  in  tran¬ 
sistor  characteristics. 


Modem  weapons  systems  require  electronic  cir¬ 
cuitry  which  is  able  to  perform  extremely  complex 
functions.  However,  the  increased  emphasis  on 
computer  type  circuitry  for  such  applications  as 
guidance,  fuzing  and  fire  control  has  not  been 
accompanied  by  any  increase  in  the  space  available 
and  in  fact,  because  of  new  operational  demands 
on  the  systems,  there  is  often  lees  space.  The 
achievement  of  such  complex  circuitry  in  a  limited 
volume  has  been  made  passible  through  transistor¬ 
ization  of  equipments.  However,  for  many  appli¬ 
cations,  the  transistor,  a  miniature  component  in 
itself,  is  rapidly  becoming  the  limiting  factor 
in  further  reducing  circuit  size.  This  aituation 
has  occurred  largely  because  of  improved  methods 
of  printing  resistors  and  the  development  of  bar¬ 
ium  titanate  capacitors.  It  ia  becoming  apparent 
that  the  device  designer  must  now  consider  the 
ultimate  spatial  utilization  of  his  device  as  well 
as  its  electrical  characteristics. 

The  case  of  the  smallest  hearing  aid  type  tran¬ 
sistor  occupies  a  volume  of  1700  x  10-6  in3  and 
if  lead  connections  are  considered  this  ia  in¬ 
creased  still  further.  Compared  to  a  10K  printed 
resistor  with  a  volume  of  0.8  x  10*6  in3  and 
0.01/uf  barium  titanate  capacitor  with  a  volume 
of  60  x  10*6  in3,  it  seems  truly  gigantic.  How¬ 
ever,  the  active  volume  of  a  high  frequency  tran¬ 
sistor,  defined  conservatively  ae  the  volumo  of 
the  semiconducting  material,  is  only  about 
15  x  10*6  in3,  if  the  transistor  la  to  beecme 
comparable  in  size  with  the  other  components,  its 
case  must  be  discarded  and  its  leads  printed  two- 
dimeneionally.  This  paper  will  describe  several 
techniques  which  have  been  developed  at  DOFL  for 
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working  with  caseless  transistors. 

High  Frequency  Translators 

As  the  operational,  frequency  range  of  transis¬ 
tors  ie  extended,  the  dimensions  must  necessarily 
shrink.  One  of  tho  moot  exacting  operations  in¬ 
volved  in  fabricating  high  frequency  transistors 
ie  the  attachment  of  leads  to  the  small  active 
areas.  A  photolithographic  technique  has  been  de¬ 
veloped  which  permits  connections  to  be  made  to 
these  areas  and  at  the  same  time  allows  the  tran¬ 
sistor  to  become  an  integral  part  of  a  printed  cir¬ 
cuit.  In  this  technique,  parts  of  the  transistor 
are  selectively  masked  with  an  insulating  film, 
over  which  connections  may  be  vacuum  deposited. 

The  principle  is  illustrated  schematically  in  Fig¬ 
ure  1.  The  preseneitized  coating  (resist)  ie  all 
organic  and  is  applied  in  liquid  form  and  allowed 
to  dry.  When  dry,  it  is  exposed  to  ultra-violet 
radiation  through  a  suitable  pattern  or  mask.  Por¬ 
tions  of  thq  coating  which  are  not  exposed  to  the 
ultra-violet  will  be  removed  by  the  developing 
process,  rsvealing  the  o:.*iginal  substrate.  Leads 
may  now  be  deposited  which  contact  the  device  only 
at  these  points  where  tho  resist  has  been  removed#* 

An  example  of  the  use  of  this  process  is  found 
in  making  the  connections  from  a  diffused  base  type 
transistor  to  the  wiring  on  a  ceramic  printed  cir¬ 
cuit  board.  The  transistor  (which  itself  ie  made 
by  photolithographic  techniques)  ie  shown  In  Fig- 


**For  details  of  coating  and  fabrication  tech¬ 
niques,  see  DOFL  TR-608,  "The  Use  of  Photolitho¬ 
graphic  Techniques  in  Translator  Fabrication  (U) ", 
J.  R.  Nall,  J.  W.  Lathrop,  1  June  1958. 
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Figure  1.  Exposure  and  development  of  a  photo  resist  pattern. 


gure  2a.  The  base  and  emitter  contact,  0.004"  x 
0.012"  each,  are  on  a  pedestal  which  was  etched 
from  the  germanium  die.  The  die,  0.045"  x  0.045"x 
0.010",  is  soldered  to  a  base  plate  which  bo comae 
the  collector  contact.  Photo  resist  is  applied  to 
the  transistor  surface  and  exposed  so  as  to  bare 
only  two  rectangular  areas  directly  over  the  metal¬ 
lic  bare  as  shown  in  Figure  2b.  Note  that  the  re¬ 
sist  forms  a  protective  coating  over  the  active 
areas  of  the  translator.  While  obviously  not  a 
hermetic  seal,  field  effect  measurements  on  ger¬ 
manium  surfaces  exposed  to  various  ambients  indi¬ 
cate  that  this  coating  does  give  some  added  short¬ 
term  stability  to  the  device.  The  transistor  with 
the  resist  coating  Is  next  inserted  into  a  hole  in 
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the  ceramic  board  and  the  space  between  the  tran¬ 
sistor  and  board  filled  in  with  an  epoxy  resin  as 
shown  in  Figure  2c.  The  epoxy  need  have  no  opoctal 
properties  as  far  as  the  electrical  operation  of 
the  device  is  concerned  since  it  does  not  come  in 
contact  with  any  of  the  active  areas.  Mechanical¬ 
ly,  the  resin  serves  to  attach  the  transistor  firm¬ 
ly  to  the  printed  board  and  at  the  same  time  forms 
a  bridge  upon  which  the  leads  will  be  deposited, 
Epon  828  has  served  satisfactorily. 

Ths  final  step  in  the  sequence  is  the  actual 
deposition  of  the  leads.  For  large  areas  the 
leads  can  be  screened  on,  but  for  dimensions  like 
those  discussed  here,  vacuum  dopoeition  is  much 
more  satisfactory.  Mechanical  masking  is  used  to 
confine  the  deposited  area  during  deposition. 


Figure  3. 
cbdttor. 
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This  masking  need  not  be  exact j  it  is  only  neces¬ 
sary  that  the  two  areas  on  the  transistor  not  be 
shorted  and  that  they  be  electrically  connected 
to  their  respective  printed  leads  on  the  board* 
One  half  of  the  completed  unit  is  shown  schema¬ 
tically  in  Figure  2d.  Figure  3  is  a  photomicro¬ 
graph  of  a  unit  with  evaporated  leads* 
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The  dimensions  of  a  typical  low-frequency  ger¬ 
manium  alloy  transistor  are  shown  in  Figure  4. 


The  emitter  and  base  connections  are  made  on  one 
side  of  the  die  while  the  collector  is  made  on  the 
other*  The  grooves  around  the  emitter  and  collec¬ 
tor  are  made  by  elect rolytlc&lly  etching  the  de¬ 
vice.  This  is  standard  semiconductor  practice, 
following  alloying,  to  remove  any  material  short¬ 
ing  the  junctions  and  to  give  a  low  surface  recom¬ 
bination  velocity.  Figure  5  shows  how  this  type 
of  unit  may  be  incorporated  into  a  printed  circuit. 
A  ceramic  board,  0.020"  thick,  which  has  the  print¬ 
ed  wiring  and  resistors  on  it,  is  maclilned  to  give 
a  level  rectangular  depression  approximately  as 
deep  as  the  thickness  of  the  transistor  die  and 
slightly  larger  in  area.  At  the  point  in  the  de- 
preaaion  where  the  collector  will  fall,  a  hole 
with  tapered  aidoa  is  sandblasted  through  the  cer¬ 
amic.  The  transistor  is  now  coated  with  a  photo¬ 
sensitive  lacquer  and  allowed  to  dry.  The  lacquer 
ie  applied  ao  as  to  form  a  thin  protective  coating 
for  the  transistor  in  order  to  prevent  shorts  dur¬ 
ing  the  following  steps.  The  transistor  is  then 
Inserted  into  ths  depression  collector  side  down. 
Since  the  conical  hole  is  smaller  than  the  indium 
collector,  the  transistor  will  not  lie  flat  in  the 
bottom  of  the  depression.  The  transistor  and  cer¬ 
amic  circuit  board  are  raised  in  temperature  to 
above  the  melting  point  of  indium  and  pressure  is 
applied  to  the  top  aide  of  the  die.  This  forces 
the  molten  indium  of  the  collector  to  completely 
fill  the  tapered  hole,  with  some  indium  even  pass¬ 


ing  through  and  forming  a  ball  on  the  other  side 
of  the  ceramic.  The  conical  shape  of  the  hole 
minimizes  spreading  of  the  indium  and  the  photo¬ 
sensitive  laaquer  coating  of  the  transistor  pre¬ 
vents  shorts  from  occurring  if  spreading  does  oc¬ 
cur.  Epoxy  ie  now  placed  around  the  transistor, 
filling  the  space  between  the  die  and  the  ceramic 
and  also  covering  the  exposed  semi conductor  sur¬ 
face  but  not  the  emitter  or  base  tab.  After  the 
epoxy  has  set  up,  the  excess  indium  on  the  emitter 
ie  removed  so  that  it  is  level  with  the  epoxy  sur¬ 
face.  The  indium  from  the  collector  which  has 
formed  a  contact  on  the  other  side  of  the  ceramic 
may  be  connected  to  the  printed  wiring.  Connec¬ 
tions  from  the  emitter  and  base  tab  to  the  printed 
wiring  on  the  ceramic  surface  are  made  with  a  con¬ 
ductive  epoxy  silver  cement.* 


emitter 


BASE  TAB 


lOLLECTOR 


TRANSISTOR  IMTE8RATE0  INTO  PRINTED  CIRCUIT  BOARD, 
Figure  5* 


Low  Frequency.  Heimetically-Sealed  Transistor 

Tne  type  of  construction  described  above  serves 
to  incorporate  the  transistor  in  a  printed  circuit 
but  does  not  in  any  way  serve  to  protect  the  de¬ 
vice  from  ambients.  Presumably,  the  entire  cir¬ 
cuit  would  have  to  be  encapsulated  under  these 
conditions.  It  is  possible,  however,  by  some  mod¬ 
ification  of  the  processing  to  provide  only  the 
transistor  with  a  hermetic  enclosure  and  at  tbs 
same  time  retain  the  two-dimensional  printed  cir¬ 
cuit  structure. 

The  method  of  construction  ie  shown  in  Figure 
6.  A  rectangular  depression  is  machined  in  the 
ceramic  printed  circuit  board  approximately  two 
to  three  times  as  deep  as  the  thickness  of  the 
translator  die  and  slightly  larger  in  area.  Two 
holes  with  tapered  sides  are  sandblasted  through 
the  ceramic  in  the  recessed  area  as  shown. 

The  ceramic  is  matalizod  and  coated  with  an  in¬ 
dium  solder  around  each  hole  on  the  one  side  and 
around  the  periphery  of  the  depression  co  the 
other.  The  ceramic  is  metalized:  (1)  around  the 

*  T.  J.  Kilduff  and  A.  A.  Benderly,  "Conductive 
Adhesive  for  Electronic  Applications",  Electrical 
Manufacturing,  June  1958,  pp.  148  -  152. 
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hue  and  emitter  boles  in  a  circular  pattern  fifty 
■Us  In  disaster,  (2)  around  the  periphery  of  the 
rectangular  recession  in  a  strip  30  oils  Hide. 
These  lodiua  solders  have  different  melting  points) 
the  former.  Indium- silver,  has  a  melting  point  in 
the  order  of  230*C;  the  latter,  indium-tin,  117* C. 
Tbs  process  of  ms  tali sing  the  ceramic  is  essen¬ 
tially  that  given  by  Nolte  and  Spurck*  and  in¬ 
volves  firing  coatings  of  molybdenum  and  manganese 
at  1350*C  in  set  hydrogen.  The  moly-oanganese 
mixture  forms  a  chemical  bond  to  the  ceramic  under 
these  conditions,  insuring  a  true  hermetic  seal. 
Klckal  oxide  is  then  coated  over  this  totalized 
surface  and  reduced  to  give  a  layer  of  nickel.  In 
order  to  facilitate  netting  by  the  Indium  eoldere, 
a  layer  of  gold  is  deposited  over  the  entire  metal 
surface  by  liaaeroing  the  ceramic  board  in  a  gold 
displacement  bath. 


as  before.  This  forcee  the  indium  into  the  tvo 
holes  and  at  the  same  time  causes  the  ball  to  vet 
the  otiaie  base  connection.  Epoxy  is  now  placed 
around  the  recessed  transistor,  filling  the  space 
between  the  die  and  the  ceramic  and  also  covering 
the  exposed  semiconductor  surface  except  for  the 
raised  collector  contact.  After  the  epoxy  has  set 
up,  part  of  the  collector  is  removed  to  the  level 
of  the  epoxy  surface  and  the  cover  plate  is  sol¬ 
dered  on.  The  melting  point  of  this  solder,  as 
mentioned,  is  U74C.  In  soldering  the  cover  plate 
to  the  oetalized  ceramic  in  an  inert  atmosphere,  a 
solder  connection  is  also  made  between  the  plate 
and  the  collector.  Thus,  the  transistor  ie  com¬ 
pletely  sealed  in  an  inert  atmosphere  in  a  ceramic 
package  only  0.020  inches  thick.  Examples  of  this 
type  of  construction  are  shown  in  Figures  7  and  8. 


OLD  COATED  NICKEL  COVER  PLATE 


Figure  6.  Crooo  Sectional  View  of  Components 
for  Hermetically  Sealed  Package. 


After  the  tranolator  has  been  coated  with  the 
photosensitive  lacquer,  the  base  tab  ie  removed 
and  an  oimdc  connection  made  to  the  base;  tin 
solder,  for  example.  This  ohmic  connection  may  be 
coated  with  indium  to  insure  good  watability  dur¬ 
ing  subsequent  processing.  Previous  to  inserting 
the  transistor  into  the  ceramic,  the  ceramic  is 
me tali zed  and  coated  with  Indium  as  mentioned 
above,  khan  the  high  melting  point  indium  solder 
ie  applied  to  the  n» tall zed  surface  around  the 
base  and  emitter  holes,  it  fills  ths  lower  portion 
of  the  hole  cavities  while  at  the  same  time  wetting 
the  gold  around  the  holes.  Since  this  solder 
melts  at  230* C,  it  will  not  be  disturbed  during 
subsequent  operations  where  solders  having  lower 
melting  points  are  used.  A  ball  of  indium  is 
placed  in  one  of  the  holes  and  the  translator 
placed  over  it  in  the  depression  so  that  the  emit¬ 
ter  falls  in  the  empty  hole  and  the  base  contacts 
the  indium  ball  in  the  other.  The  ceramic  and 
transistor  are  raised  in  temoerature  above  the 
melting  point  of  indium  and  pressure  ie  applied 


*  H.  J.  Nolte  and  R.  F.  Spurck,  Television  Engi¬ 
neering,  p.  14,  November  1950. 


Figure  7.  Top  and  Bottom  View  of  Unfinished 
and  Finished  Hermetically  Sealed  Package. 

Left  -  Top  and  bottom  view  of  ceramic  prior 
to  Insertion  of  transistor  and  final  sealing. 

The  ceramic  ie  metalized  around  the  periphery  of 
the  recession  in  the  top  view  and  around  the  base 
and  emitter  holes  in  the  bottom  view. 

Right  -  Top  and  bottom  view  of  the  finiehed 
hermetically  sealed  assembly.  The  collector  aide 
of  the  transistor  has  been  sealed  with  the  nickel 
plate  as  shown  in  the  top  view,  while  the  baBe  and 
emitter  contacts  have  been  eealed  by  the  Bolder 
which  has  vet  the  metalized  ceramic  and  partially 
filled  the  hole  cavities. 
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METAL  PLATE  INDIUM  EP)X»  TRANSISTOR 


Figure  8.  Cross  Sectional  View  of  Hemetically 
Sealed  Transistor  Package. 


These  units  have  been  exposed  to  an  finis  -sa¬ 
por  for  thirty  minutes  and  to  an  atmosphere  of 
95%  humidity  and  71* C  for  a  period  of  sixteen 
hours  with  no  change  in  transistor  characteris¬ 
tics. 
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A  survey  la  me da  of  recoct  advstioos  in  thin  filmo  ( <  0.001  in.)  of  various  types 
in  the  United  Kingdom.  ftey  are  discussed  aa  conductive,  partly  oenduotive  and 
non-oonduetivs  far  lnfeer-oa^oDant  ooonoetiane,  raaiatora  and  oapaoitora  respectively. 
Some  work  on  magnetic  films  is  also  described. 

For  raaiatora,  prides  or  alloys  of  natal  produced  either  oheodoally  or  by 
evaporation,  are  considered,  their  stability  and  properties  discussed. 

For  oapaoitora,  anodic  filna  of  aVimlntPB  or  tantalum  are  satisfactory  for  high 
values  of' oapaoitanoe  where  a  fast  response  is  not  essential;  oeramlo  or  plastic 
films  are  best  where  It  is.  Plastic  films  are  being  produced  in  copolymers  of 
styrene  with  excellent  thernal  oharncterlatios. 

The  problem  of  »w*yiwt"E  organic  and  Inorganic  techniques  and  requirements 
in  the  finished  'solid  circuit'  units  are  considered  in  detail. 


i.  ammioTicH 

The  aeadoonduotor  diode  and  transistor  have 
made  it  possible  to  make  very  small  wilts.  The 
associated  passive  elements  such  aa  resistors, 
capacitors,  inductors,  etc.  are  considerably 
larger  than  is  required  In  view  of  the  snail 
wattage  dissipation,  low  irqpedanae  and  low 
voltage  operation  which  are  oharaotoriatio  of 
the  transistorised  circuit. 

A  common  shape  for  components  la  cylindric¬ 
al,  but  this  ia  limited  In  the  degree  to  which  it 
can  be  miniaturised,  and  the  associated  leads 
already  present  problems  of  reliability.  In 
any  typical  tubular  consonant  moat  of  the 
available  volume  is  taken  up  by  material  which 
plays  no  part  in  the  electrical  performance. 
Examples  of  this  aim  shown  in  Figure  1.  tfhan 
used  In  power  dissipating  circuits  with  valves 
or  power  translators,  the  resistor  mass  itself 
provides  a  high  thermal  capacity  end.  thus  evens 
out  any  hot  qpots.  As,  however,  the  heat  Is 
dissipated  by  a  combination  of  conduction 
through  the  leads  and  radiation  from  the  surface, 
a  high  surface  axes  together  with  robust  leads 
is  desirable.  In  this  respect  the  cylindrical 
shape  of  both  body  and  leads  is  far  from  Ideal, 
possessing  a  low  aurfaoe  area  to  volvaae  ratio  - 
only  the  sphere  has  a  lower  ratio.  In  each 
case  m  increase  In  power  loading  could  be  mads 
by  opening  out  the  cylinder  and  its  leads  into 
flat  strips.  This  can  result  in  an  increase 
in  the  wattage  loading,  or  the  size  for  a  given 
rating  oan  be  made  very  much  smaller. 

The  requirements  for  thin  films  are 
suggested  to  be  as  follows i- 

(a)  For  resistance  films  of  £00-500 
ohms  per0square  -  a  thiokness  of  a  few 
hundred  X. 

(b)  For  high  value  capaoitative  films 
>  0.1  ft?  -  &  thiokness  of  0.0001  inch. 


(o)  For  inductive  films  -  a  thickness  of 
200  -  300  A.  (Above  this  eddy  current 
losses  can  be  appreciable.) 

2.  30B3TBATE3  OR  BASE  MATERIALS 

The  three  classes  of  material  which  oan  be 
used  are:- 

(a)  Inorganic  materials  (oe ramies,  glasses, 
Ota.) 

(to)  Plastto  materials  (P.T.F.E.  -  Teflon  - 
etc.) 

(o)  Semiconductor  materials  (silioan, 
germanium,  eto.) 

Ceramics  are  probably  the  ainplest  to  use  as 
it  is  possible  to  deposit  silver  or  other  oospo- 
aitiona  by  chemical  means  or  by  evaporation.  By 
the  choice  of  a  suitable  permittivity  material, 
high  value  oapaoitora  may  be  obtained  by  metal¬ 
lising  both  sides  of  the  base. 

Plastios  do  not  make  good  bases;  although 
they  have  excellent  electrical  properties,  their 
low  resistance  to  heat  precludes  their  use  In 
"flred-on"  processes,  while  their  high  vapour 
pressure  and  occluded  gases  melee  than  difficult 
to  use  In  vacuum  systems. 

The  use  of  a  sheet  of  semiconducting 
material  -  such  as  silioan  -  as  a  base  is  very 
attractive  as  by  suitable  alloying  and.  doping, 
the  active  elements  can  be  produced  directly  an 
to  the  substrate  Instead  of  being  aided 
separately  as  is  required  i*en  using  other 
materials. 

3.  AmJCATIOfS  OF  HCRO-MHIATORiaB)  IMIT8 

At  present  it  is  only  possible  to  foresee 
the  application  of  micro-miRiaturisatiaa  to 
simple  sub-units  such  as  those  used  In  oouyutors. 
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toh  sub-unitr  are  required  in  largs  quantities 
tilth  ldantloal  or  riwllar  characteristics;  they 
are  of  lor  lapedanos  red  low  frequency  and  use 
low  voltage*  with  quite  nil  ourrents.  Whore 
Idgh  frequencies  are  involved  there  are  problem* 
of  erestt-taUc  and  drift  to  oanaidsr. 

Those  sub-units  oanalat  sasantially  of 
switching  oirouita  and  use  is  made  ol‘  seal- 
oondnntor  diodes  as  circuit  elements.  A  Epical 
oiroult  is  shewn  la  figure  2  -  an  arithmetical 
stags  tor  a  data  processing  ocnputor. 

4.  ms  Hnaumicn  tg  HssianvE  nms 

Besiators  of  platimw/gold ,  alloy  deposited 
re  to  glass  have  bean  developed'' ‘'at  the  Royal 
Radar  SataiblisbBeat  red  are  now  in  prodrotlon' 2'  j 
they  have  excellent  temperature  coefficients  and 
are  very  stable.  An  alloy  of  80  per  oent  gold 
end.  20  per  oret  platinum  gives  a  resistivity  of 
60  art  miilssn  aa  i  in  a  thickness  of  1000  X  with  a 
temperature  coefficient  of  0.025  per  cant,  while 
re  alloy  of  60/10  gold/platinum  has  a  resistivity 
of  75  adorehna-re.  in  the  same  thioimess  and  its 
tam>erature  coefficient  la  then  0.06  per  cent. 

The  method  of  manufacture  la  aa  follows. 

A  flat,  glass  diao  Is  coated  with  the  alloy  and 
glue.  After  depressing,  a  thin,  uniform  film 
of  precious  metal  reain&te  is  applied  to  the 
surface  by  spinning.  Tbs  coated  diao  is  fired 
to  bum  off  organic  matter  and  a  film  of  photo¬ 
sensitive  glue  la  spun  an.  A  pattern  of  26 
lesiattv"  elements  la  obtained  by  exposure  to 
ultra  violet  ligit  througi  a  negative  made  from 
a  previously  prepared  master.  After  development 
in  water,  the  unerased  portions  are  removed  by 
etching.  The  width  and  pitoh  of  the  pattern 
am  oaloulated  to  give  the  right  value  of 
resistance.  The  developed  pattern  la  hardened 
■■u  tha  unexpoeed  portion  or  metal  film  is 
etched  assy. 

Os  glue  pattern  is  removed  and  silver 
electrodes  are  applied  by  a  sUkwiareen  process. 
The  disc  is  (ban  fired  to  bond  the  silver 
electrodes  to  the  resistive  elements  to  provide 
a  reliable,  nolae- free  joint.  The  elements 
are  protected  with  aUioone  lacquer  end  tha 
.tngie  units  are  cut  from  the  disc.  Fixing 
leads  to  the  electrodes  with  300°C  solder 
ooapletas  the  inking  of  the  resistor. 

Tha  final  value  of  reals tanoe  is  adjusted 
by  cutting  through  tha  requisite  number  of 
trissslng  hare.  By  suitable  design  of  the  master 
an  accuracy  of  0.1  per  oent  is  obtainable.  The 
ooaqilete  stages  in  tha  process  of  manufacture 
sre  sheen  in  Figure  3. 

So  far  this  presses  has  only  been  applied 
to  — ru4*\1  actual  resistors  but  by  scaling  it 
down  it  o aa  be  adapted  to  making  the  collate 
circuit.  The  resolution  that  can  be  obtained 
by  tha  photo-asohanioal  process  is  well 
demstrated'*'when  it  ia  applied  to  the  making 


of  transistors  on  a  dice  only  0.05  inoh  square. 

Higher  resistivity  ia  obtained  from  films  of 
niokal/ohrona,  end  recant  advances 1  Win  tbs 
evaporation  of  title  alloy  make  this  an  attractive 
proposition.  Typical  properties  of  the  alloy  as 
used  in  resistors  aret- 


Thioimess 

Resistance 

ohma/aa 

'Damn.  Ooeff. 
pna/dea.0 

50 

300 

+  24 

80 

£10 

-  38 

90 

180 

-  27 

Early  experiments  have  shorn  that  Ni/Cr  ia  a 
very  p recalling  alloy  for  deposited  resistors.  The 
alley  ia  deposited  on  to  a  glass  substrate  in  a 
vacuum  of  qfyWixa.  Hg.  An  alanine  crucible  in  a 
heated  atrip  is  used  aa  a  source  but  a  more 
convenient  source  is  made  from  a  ooaical  spiral  of 
tungsten  wire  coated  with  an  aluadna-uwater  paste 
heated  to  1750°0  by  means  of  an  eleotrlo  current 
while  under  vacuum.  Any  oraoka  which  develop 
oan  be  painted  over  with  the  paste  mixture.  Such 
sources  can  be  usod  up  to  ten  times  before  tha 
alumina  has  absorbed  ao  touch  Ni/Cr  that  it 
disintegrates. 

In  general,  the  hljgesr  the  temperature  of  the 
source,  the  higher  is  the  percentage  of  niokel  in 
the  alloy.  A  temperature  of  1 6CO°C  will  result 
in  an  alloy  of  80  per  cant  Nlckel/20  per  oent 
Chrome  which  ia  close  to  that  of  the  original. 

It  is  essential  to  heat  the  substrate  before 
evaporation,  aa  failure  to  do  so  results  in 
unstable  films.  A  tenperature  of  350°C  has  been 
found  satisfactory,  although  higher  temperatures 
would  have  been  used  if  the  glass  substrate  oould 
withstand  it.  Figure  4  shows  the  resistance 
change  against  ‘tesperatme  foi-  -liltua  of  thickness 
varying  from  50  to  100  5L  Three  Ni/Cr  films  were 
evaporated  on  to  glass  substrates,  one  180, 
another  of  21 0  and  tha  third  300  ohms/square. 

Tha  souroa  temperature  was  i600°C  and  the  substrate 
was  held  at  350°C  for  half  an  hour.  The  lorer 
limit  before  instability  is  about  50  X,  giving  an 
ohms/square  value  of  300.  (See  Figure  5.)  A 
tosperature  ooeffioient  of  £  50  ppa/deg.  C  is  vary 
aatiafaotory.  A  value  of  300  ohms/square  ia 
reasonable  as  it  allows  a  50,000  ohms  resistor  to 
be  made  from  a  1  in.  length  of  0,010  in.  wide 
line  (a a  would  ba  obtained  from  photo-etching  a 
deposited  film  into  thin  strips). 

Various  methods  of  controlling  the  thickness 
of  deposit  have  been  tried  -  the  moat  aatiafaotory 
has  been  that  of  the  monitored  square.  A  glass 
slide  hnn  silver  eleotrodes  between  which  the 
alloy  is  deposited  at  the  same  time  aa  the  work. 
Continuous  monitoring  by  a  bridge  allows  evapora¬ 
tion  to  be  atopped  by  shuttering  when  the  required 
value  is  reached,  although  some  allowance  is 
essential  to  take  up  differences  during  the  final 
baking  process.  Ttese  variations  in  baking  time 
are  shown  in  Figure  6,  where  it  will  be  seen 
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that  on  four  different  ■‘"f1**  the  reiiativlty 
was  different  after  half  an  hour  in  a  vacuum  oven. 
The  general  tendency  wan  for  an  increase  followed 
by  a  fall  to  the  final  oold  value,  but  from  these 
oxaoplea  it  is  obviously  difficult  to  predict 
the  final  value. 

Because  of  its  excellent  tenperature/ 
resistaooe  properties,  this  alloy  is  being 
carefully  studled(5)as,  even  in  the  micro¬ 
miniaturised  sub-unit  a,  a  higi  order  of 
stability  will  he  required  once  the  initial 
novelty  of  being  able  to  sake  then  at  all  has 
passed.  However,  the  resistivity  as  given  is 
not  entirely  antis factory,  because  to  m»Vn  very 
small  units  would  entail  (as  stated  above)  a 
line  width  at  not  more  than  O.OlO  in.  which, 
although  practicable ,  in  th-ln  film  form 
requires  scrupulous  care  in  processing  with  a 
probable  high  reject  rate  in  production. 

in  alloy  of  chromium  20  per  cent,  iron 
3  per  cent,  aluminium  3  per  cent  and  nickel 
74-  per  cent  (Kara,  alloy)  looks  interesting. 

Early  experiments  in  evaporation  of  this  alloy 
gave  a  resistivity  of  400  ohms/squaro,  end 
evaporation  at  1650°C  on  to  a  ex  Id,  glass 
substrate  produaed  a  film  with  good  adhesion 
aud  apparently  good  stability.  Work  on  this 
material  continues,  but  at  the  mwi  td.m n  alloys 
with  ouch  higher  resistivities  are  being  sougit. 

Practical  resistors  have  been  mode  in  the 
way  described  and  values  up  to  1  megohm  have  been 
obtained  by  photo-maohanioal  processing.  A 
circuit  using  Hi/Cr  resistors  end  nickel  eleot- 
rodes  is  shown  in  Figure  7. 

5.  THE  PREPARATION  OF  CAPACITATIVE  FILIH 

Dieleotrloa  for  capacitors  can  be  made  in 
the  form  of  strips  or  films  as  thin  as  0.00025 
in.  (In  glass)  or  0.005  to  O.OlO  in.  (in 
oo ramies)  but  it  is  probably  more  convenient  to 
evaporate  them  on  to  a  metallic  substrate  whioh 
forms  one  eleotrode  with  a  further  metal  evapor¬ 
ated  layer  to  provide  the  other.  Repetition 
of  this  process  oan  build  up  a  stacked  film 
capacitor  of  high  value  of  the  type  required  in 
low  impedance  circuits  where  capacitors  of 
values  exceeding  1000  pP  axe  more  frequently  used 
than  those  of  lower  values,  and  a  microfarad  or 
more  is  oomaanly  used. 

Single  thickness  films  of  high  permittivity 
are  attractive  and,  if  only  a  few  molecules  in 
thiokness,  high  value  capacitors  oould  be 
realised.  A  useful  formula  for  capaoitanoe  is: 

"1 ,000  mdero-mioro farads  per  square 

oantiraetre  in  area  per  mioron  in 

thickness. " 

This  formula  results  in  a  value  which  is  approx¬ 
imately  10  par  cant  too  high. 


In  a  proposed  standard  ^ module  of  0.31  in. 
square,  about  1  enu  square  oould  be  oonaidered  as 
the  working  area,  of  which  5  so.  square  oould  be 
allowed  aa  a  maxima  for  one  ooaponant. 

If  a  high  permittivity  material  such  aa 
barium  titanate  is  used,  a  K  of  1000  oan  be 
axpcoteaj  using  this  formula  it  would  be  possible 
to  make  a  capacitor  of  0.25  gP  within  the  allotted 
area.  Care  would  be  nooasaary  to  ensure  that 
ita  well  known  forroeleotrio  properties  and  ita 
low  Curie  point  do  not  interfere  with  its 
operation  as  a  capacitor,  but  for  use  with 
transistors  with  their  inherent  low  <perating 
temperature  this  is  quite  possible. 

Experimental  capacitors  have  bcan-made  by 
producing  an  oxide  film  on  tantalum' '  in  a 
mixture  of  phoephorlo  acid  and  asqrl  alcohol.  The 
dielectric  thiokness  was  about  1 200  X.  After 
drying,  a  layer  of  aino  ord.de  wee  evaporated  aa 
to  its  surface  and  a  counter  eleotrode  of  silver 
followed.  Manganese  diosida  is  more  usual  than 
sine  oxide,  but  the  latter  is  easier  to  evaporate . 
These  oxide  coatings  increase  the  breakdown 
voltage  but  the  exact  mechanism  of  its  action  Is 
debatable. 

A  sample  oapaoltor  made  by  this  method  had  a 
capacitance  of  0,1  p  P  for  0.6  sq.cm,  with  a  power 
factor  better  than  1  per  ocoit,  which  is  g>od 
enough  to  warrant  further  work  on  this  aystea  - 
in  particular,  investigating  the  effeots  of 
different  thicknesses  of  zinc  nvtA.  layers  on 
breakdown.  A  multi-layer  oapaoltor  oan  be  made 
by  utilising  both  sides  of  tbs  tantalus  and  in 
this  way  a  capacitance  of  several  microfarads  la 
obtainable. 

Silicon  monoxide  has  also  been  examined. 
Silicon  and  silica  in  the  ratio  of  1  >  2  were 
mixed  together  end  fired  in  a  quarts  tube  at  a 
temperature  of  iiOO°C  in  a  vacuum  of  10"th.  Hg. 
The  silioon  monoxide  was  evaporated  from  a 
molybdenum  boat,  this  was  followed  by  an  evapor¬ 
ation  of  sine  oxide  for  the  sane  reason  as  in  the 
tantalum  films.  There  was  no  appreciable 
difference  between  the  use  of  hot  or  oold  sub¬ 
strates  and  good,  unoradeed  films  were  obtained 
up  to  thicknesses  as  great  as  0.02  In.  However, 
the  power  factor  of  these  films  was  very  high,  at 
best  being  betwaen  40  and  50  per  cent  which  walces 
such  materials  of  little  interest  for  this  work. 

In  some  circuits,  a  rapid  die  charge  ti  ms  of 
less  than  a  microsecond  ia  required.  This  is 
not  possible  with  electrolytic  capacitors  and  mat 
be  considered  as  a  limiting  factor.  (Whether 
tantalum  oxide  capacitors  work  by  reason  of  icnio 
or  electronic  conduction  is  debatable.  If  the 
latter,  they  will  have  rapid  discharge  times.) 

Apart  from  those  mentioned,  there  are  many 
materials  which  can  be  evaporated  for  use  as 
capacitor  dieleotrios.  Among  these  oan  he  listed 
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the  following! - 

Hagpssim  fluoride 
Calcium  fluoride 
Oalciun  ailioete 
Zinc  eulphide 
lead  sulphide 
OaAidm  sulphide 

Some  of  these  are  sell  known  ae  less 
blooming  agents,  and  dna  sulphide  has  been  used 
extensively  in  infra-red  detectors.  -With  a 
parmittivlty  reported19' as  8.2  at  iC-tys  sni 
measured  locally  as  about  9  at  10®o/ s,  it  is 
owsidsxed  to  be  worth  examining. 


es  a  working  tengerature,  which  will  be 
increased  to  100°0  when  such  problem  as  residual 
solvent  removal,  eto.  have  been  overooae.  (Ihe 
softening  point  of  the  bulk  material  is  in  exoeas 
of  120°C.) 

Capacitors  have  been  made  from  these  films 
but  early  mxmIs  have  bean  made  from  multi-layer 
woural  foils.  As  the  final  unita  will  almost 
oertainly  be  required  in  the  fora  of  single  sheet 
"oeste Hated"  metallised  capacitors,  work  has 
now  been  direoted  into  making  this  type  only  ana 
already  tie  thin  film  has  been  stripped  from  its 
substrate  after  metelliaing.  Demetallising  and 
slitting  processes  are  being  developed. 


To  obtain  high  stability  and  low  coefficient 
of  teaperature  will  be  just  as  big  a  problem  as 
with  resistors,  and  very  thin  films  will  not  be 
practicable  if  they  are  unstable.  This  means 
that  as  no  oosproniise  is  possible  between  high 
capacitance  and  stability,  this  latter  must  be 
wfc»A.  ft.  dominant  factor.  In  consequence,  it 
is  most  important  to  develop  a  multi-layer  film 
capacitor  as  it  is  essential  to  achieve  values 
in  excess  of  0.1  ^F  and  preferably  of  at  least 
1.0  pF. 


6.  mano  rums 


Although  inorganic  materials  oan  be  evapor¬ 
ated  more  readily,  plastics  have  already  been 
■■wta  in  very  thin  films  and  their  progress  haa 
bean  sufficiently  fast  to  justify  the  bo lief 
that  they  nay  be  used  in  n&oro-nriJiiaturioation 
techniques  although  they  will  probably  bo  used 
aa  coopononts  to  bo  added  separately. 


Following. the  work  by  The  Bell  Telephone 
Laboratories'*0'  on  oellulose/aoe  tato/butyrato , 
.wtn  films  have  been,  made  in  the  United  Kingdom 
from  high  molecular  weight  polystyrene  and  (  . 

oopolymre  of  this  with  poly- a  -methylstyrene  J 
These  filsm  are  oast  on  to  a  oarrter  of  po^r- 
ethylene-tereph thalate  (Mylar  or  Molinex)  from  a 
solvent  solution,  the  carrier  being  suboequently 
stripped,  after  the  film  has  been  metallised, 
demetallised  end  olit  for  the  making  of 
metallised  oepacitore.  So  far  very  thin  films 
havo  not  been  made  -  about  0*0005  in.  ox  5 
microns  being  used  to  gain  experience,  as  a  good 
deal  of  "know  how*  is  necessary  for 
nraMsaes.  It  la  the  neoeeslty  of  handling  or 
^substrate  that  makes  it  essential  to  me  cast 
mi*,  extruded  films  of  this  thickness  would 
Star  too  thin  and  fragile  to  handle.  A  oast 
fil*  limits  the  material  to  one  which  oan  ce 
A,  --nived  fairly  readily  at**!  this  is  the  reason 
t^riTot^Se  ideal  material  -  poWJ- 
terwohthalate  -  is  unsuitable  and  polystyrene  is 
referred.  The  oellulose  materials  have,  a, 
history  of  poor  weathering  in  the  tropioS  ) 
are  poor  electrically  and,  oonparea  with 
hi^  molecular  weight  polystyrene,  inferior  in 
U.J.+.  reaistanoe*  As  developed,  it  is 
SSS^^ially  that  70°C  Will  be  reaped 


The  in  oabaoitanoe/volums  ratio  Is 
oaloulated  as  5  t  1  over  conventional  metallised 
paper  oapaoitora.  It  is  unfortunate  that 
polystyrene  haa  a  permittivity  of  only  2.5  but 
this  is  the  prioe  paid  for  an  almost  perfect 
dielectric  materiel.  Experiments  have  been  made 
with  high  permittivity  fillers  and  it  has  been 
found  possible  to  achieve  a  permittivity  of  five 
while  still  in  very  thin  films  (  0.001  in.)  oaat 

from  solvent  solutions. 

A  novel  method  of  making  large  value 
oapaoitora  is  by  using  differential  solvents. 

On  to  a  substrate  of  polyester  film  a  layer  of 
polystyrene  is  oast  and  dried  as  usual.  Xt  is 
metallised  and  another  insulating  layer  of 
cellulose  nitrate  is  oast  on  top.  As  the 
metallised  layer  is  not  a  barrier  for  the  styrene 
solvent,  a  naterlal  dissolving  in  a  different 
solvent  is  needed.  So  far,  oellulose  nitrate 
has  been  used  experimentally  and  although  this 
is  by  no  means  &  goad  dielectric,  it  osn  be  oast 
from  solvents  which  do  not  attack  the  polystyrene. 
By  building  up  multi-layers,  say  ton,  it  is 
possible  to  strip  off  the  substrate  as  the  di- 
elootrios  are  strong  enough  in  the  form  of 
laminae  to  support  themselves.  By  this  technique 
it  should  be  possible  to  produoo  capacitors  of 
very  high  oepaoitanoe  por  unit  volume. 

As  the  range  of  plastic  dielectrics  is 
constantly  being  extended  there  may  be  improved 
materials  suitable  for  making  thin  films  with 
hlgbsr  permittivity  and  heat  leeiatanoe  together 
with  freedom  from  pinholes.  From  the  eo-oalled 
inorganic  polymers  such  as  boron  and  phosphorus 
nitride  it  may  be  possible  to  produoe  a  substrate 
suitable  for  use  in  evaporating  plants,  but  with 
improved  moulding,  shaping  and  machining 
properties.  In  this  respect,  the  military 
demand  for  high  temperature  dielectrics  may 
result  in  materials  suitable  for  this  new 
technique,  but  so  far  in  the  United  Kingdom 
experimentel  materials  of  this  type  have  been 
far  too  brittle  for  serious  usage. 

On  the  whole,  plenties  do  not  seem  to  hold 
much  promise  for  these  techniques  except  es  an 
interim  neaaure  for  use  in  separate  oonpanants 
until  such  time  as  all  the  components  are  made 
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in  situ  on  a  substrate  which  itaalf  forms  an 
integral  part  of  the  sub-unit. 

7.  THE  FREPARA1ICH  CF  MAGNETIC  PTT.M8 


be  assumed  that  these  sane  conditions  will  be 
applied  to  mioro-ministurisod  oil-suits  - 
indeed,  if  past  experience  is  anything  to  judge 
by,  conditions  will  be  oone  none  onerous. 


The  ehoioo  between  magnetic  films  of  netal 
or  of  ferrite  is  in  favour  of  the  former  because 
they  have  superior  physical  properties  and  they 
are  easier  to  evaporate  as  an  alloy. 

It  is  reported  ^^that  the  following 
comparison  may  be  mads  between  the  characterist¬ 
ics  of  f 'errite  and  metal  magnetio  films  i- 


Ferrite 

Metal  film 

Speed  of 
operation 

1  „S 

3  x  ID  m  ijS 

Drive  Power 

BOO  mA  into  50 
ohms  (valve) 

4£0  mA  into  5 
ohma( translator) 

Repetition 

rate 

500  ko/s 

5  Mo/c 

Physical  aiae 

Similar 

Both  have  rectangular  hysteresis  loops  and  are 
suitable  for  use  in  memory  planes. 

Kant  of  the  films  consist  of  nlekel/iron  in 
the  ratio  of  8  :  2  evaporated  on  to  a  aubotro.ta 
heated  to  }00°0  in  a  magietio  field  of  about 
50  oersteds.  Eddy  current  losses  are  high  for  a 
thickness  exceeding  a  raioron  or  ao,  and  inter* 
fe ranee  between  opposite  domain  walla  oan  occur 
if  the  thiokness  falls  as  low  as  about  20  Xj  the 
usual  thickness  is  between  300  and  1000  A. 
Crucibles  of  nilioa  are  used,  but  a  Mg  problem 
is  in  maintaining  the  purity  of  the  deposited 
film  beoause,  as  is  well  known,  iron  is  very 
sensitive  to  minute  traces  of  silicon. 

Attempts  are  being  made  to  depoait  a  oon- 
duoting  layer  on  top  of  the  magietio  film  with 
an  intervening  layer  of  an  insulant,  but  so  far 
great  difficulty  has  been  experienced  with 
pinholes. 

To  be  able  to  produce  a  oomplete  memory  de¬ 
vice  by  deposition  would  be  a  tremendous  advance 
over  the  painstaking  method  of  ferrite-oore 
threading  practised  at  present,  and  there  is  the 
additional  advantage  that  the  speed  of  operation 
is  much  improved  by  keeping  down  the  lengths  of 
conductor. 


Printed  circuits,  envisaged  over  ten  yeare 
ago,  axe  only  just  oomlng  into  service,  and  their 
aooeptenoe  by  military  departments  is  by  no  crane 
certain  in  the  United  Kingdom  even  now.  There  is 
widespread  suspicion  that  the  printed  circuit  is 
only  a  manufacturing  device  that  offers  nothing 
in  reliability  or  serviceability*  There  ie 
certainly  soma  Justification  for  the  latter 
belief  because  the  printed  wiring  unit  is  very 
difficult  to  repair  and  requires  new  techniques 
on  the  pari  of  military  servicemen.  The  policy 
of  replacing  one  sub-unit  with  another  instead 
of  repairing  is  not  widely  aoooptod  in  the 
United  Kingdom,  particularly  by  the  Royal  Navy, 
who  take  the  view  that  beoause  of  limited  storage 
space  it  is  essential  to  be  able  to  replace  every 
small  oonroonent  part  of  electronic  equipment  used 
on  ships, 

A  further  consideration  is  one  of  economics. 
In  a  recent  teohnioal  article  the  statement  was 
made  that  it  is  possible  to  pack  1000  semi¬ 
conductor  oirouit  elements  in  a  volume  of  one 
cubic  inch.  Assuming  the  oost  of  each  element 
to  be  a  dollar-,  then  a  throw-away  unit  valued 
at  1000  dollars  is  quite  uasoonomio.  It  may 
be  possible  to  build  in  a  reliability  factor  far 
greater  than  any  to  dato,  but  this  is  very 
difficult.  In  the  meantime,  it  must  be  assumed 
that  the  individual  parts  may  fail  and  so  either 
the  sub-unit  must  be  cheap  enough  to  be  thrown 
away  or  simple  enough  to  repair.  If  made  along 
the  lines  discussed,  using  high  stability 
oomponenta,  it  is  unlikely  that  this  latter 
alternative  oan  be  achieved,  whioh  means  that 
efforts  must  be  made  to  obtain  far  greater 
reliability. 
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HAStIC  MOUlOIKi 

CLASS  TUBS  I  CONDUCTING  CEMENT 

RESISTIVE  COAT  IM  C 


VOLUME  Of  ACTIVE 
ELEMENT-  ^  O  00025cu‘ 

TOTAL  VOLUME  -  0  00  cu.* 


FRACTIOH 


^  I 

UNUSED  2  ft  0 


I 


(a)  GIAOC  2  INSULATED  RESISTOR 


SILICONE  CRACKED  CAIKON  FORCE  FIT 


SPiRALLED  /  CERAMIC  ROD 


GRAPHITED  END 


VOLUME  OF  ACTIVE  ELEMENT- 
^=0  00005  cu’ 

TOTAL  VOLUME  -  0  027cu* 


FRACTION 


^  _L 

UNUSED  540 


(b)  GRADE  i  NON  -  IN SULATEO  RESISTOR 


CERAMIL  INSULATING 
CASE. 


SOLOEREO  SILVERING  ON 
CAP  INSIDE  -  OUT SlOt 


VOLUME  OF  ACTIVE  ELEMENT- 
—  0  003  cu  * 


TOTAL  V0LUHE=0  075  cu 


UNUSED  225 


(c)  CERAMIC  CAPACITOR 
THE  ILLUSTRATIONS  ARE  NOT  TO  SCALE  IUT  THE 
CALCULATION*  ARE  FROM  ACTUAL  COMPONENTS 


Figure  2.  -  Circuit  for  one  digit  of  a  transistor 
adding  register  and  associated  "/UJD"  gate. 


Figure  1.  -  Comparison  between  active  and  non¬ 
active  volume  of  typical  components . 


RESISTANCE  (tt)  RESISTANCE  ft) 
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J.  EXPOSURE  TO  U/V  EIGHT  A.  ETCHING  AWAY  UNWANTED 
THROUGH  A  PHOTOGRAPHIC  HETAL,  SILK-SCREEN 

NEGATIVE  PRODUCES  THE  APPLICATION  OF  ELECTRODES 

PATTERNS.  THE  WIOTH  ANO  AND  CUTTING  FROM  DISC 

PITCH  OF  THE  LINES  DECIDES  COMPLETES  RESISTOR. 

THE  RESISTANCE  VALUE. 

Figure  3.  -  Stages  in  the  naking  of  raetal-flln  resistors. 


103  Or - - - 


TEMPERATURE  (*cj 

(«)  TEMP.  COEFF*- 

*2<  P- P  t  |°  C 


figure  L.  -  Resistance  /  teiqjorature  characteristics  of  nichrume  films. 
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figure  5.  -  Variation  of  resistance  ’.-nth 
thickness  of  evaporated  film. 


Figure  6.  -  Variation  of  resistance  with  baking 
time  for  four  evaporated  films. 


THIN  Nl/Cr  (SC '*)  RESISTORS  I  I 
(0)  RESISTOR  AND  CONDUCTOR  PAT TE BE  PRINTED  ON  CLASS 


FIG  7 

CIRCUIT  OF  SIMPLE  AMPLIFIER  USING  EVAPORATES 
Nl/Cr  RESISTORS. 

Figure  7.  -  Circuit  of  simple  amplifier  using 
evaporated  Ni/Cr  resistors. 


UTEERIZED  HIGH-DIEXECTdlC-COMSIANT  CAPACITORS 


Laurel  H,  Maxwell,  David  K.  Freifelder,*  and  Philip  J.  Franklin 
Edariond  Ordnance  Fuze  Laboratories,  Washington  25,  D.  C. 

Microminiature  ceranic  capacitors  having  a  capacitance  of  about  1  pfd/in^ 
and  losses  of  3  to  S%  have  been  made  from  a  very  thin  layer  of  material  con¬ 
sisting  predominately  of  barium  titanate.  The  units  were  made  byi  (1)  casting 
a  thin  film  by  a  doctor-blade  technique,  (2)  sintering  a  plate  cut  from  tils 
film,  (3)  reducing  in  hydrogen  to  make  the  plate  semiconducting,  (ii)  reoxidizing 
the  surfaces  while  firing- on  the  silver  electrodes  to  form  an  insulating  die¬ 
lectric,  and  (5)  cutting  the  plate  into  0.1-inch  squares.  Fabrication  con¬ 
ditions  were  chosen  to  create  the  best  compromise  among  the  several  desired 
properties,  i.e.  low  loss,  high  capacitance,  and  high  percentage  of  usable 
units .  Hie  leakage  resistance  of  the  units  was  found  to  be  voltage  dependent 
and  at  voltages  of  about  two  volte  and  below  was  of  the  order  of  several 
megohms  j  at  liigher  voltages  it  dropped  rapidly  to  the  kilohm  range.  The  loss 
showed  a  sharp  increase  above  two  volts.  Hie  capacitance  was  moderately 
temperature-and-voltage  dependent  although  the  curves  showed  no  sharp  peaks. 
Other  electrical  characteristics  and  suggested  improvements  are  also  described. 


r;TaoDuc?ioK 

I'icrondnlaturo  electronic  circuit  packages 
require  physically  small  capacitors  having 
capacitance  values  in  tho  range  of  their 
larger  counterparts .  In  a  capacitor  of  small  vol¬ 
ume,  the  capacitance  may  be  made  largo  either 
by  reducing  the  thickness  of  the  unit  or  by 
employing  as  the  dielectric  a  material  of 
extremely  high  dielectric  constant.  Clearly, 
the  maximum  capacitance  would  result  if  both 
of  these  methods  were  used  simultaneously, 
that  is,  if  a  very  thir.  film  were  fomod  from 
a  high-dd.ulcctric-con3tant  material. 

Barium  titanate  fDaHO-)  is  a  ferro¬ 
electric  material  '  '  having  an  extremely 
high  dielectric  constant,  cu.  10 at  2$°c. 

The  dielectric  constant  is,  unfortunately, 
temperature  dependent,  exhibiting  at  the  Curie 
point  (12C'C)  more  than  a  tenfold  increase 
over  its  value  at  25°C.  Various  additives, 
such  as  strontium  titanato,  can  bo  used  to 
lower  the  Curie  temperature  to  as  low  as-200°C2 
and  thus  relegate  tho  strong  temper ature- 
dopondonce  to  a  position  outside  the  range  of 
normal  operating  temperatures .  Hare  earth 
oxides  also  have  a  narked  effect  on  the  die¬ 
lectric  properties  w)4  Barium  titanate  has 
a  dielectric  lose  of  2  to  3%  which  is  slightly 
higher  than  that  of  moat  other  rata rials  in  use 
although  losses  can,  be  diminished  by  special 
firing  techniques  w). 

When  heated  at  high  temperatures  in  a  re¬ 
ducing  atmosphere,  the  Ti“>  ion  in  the  BaTiO^ 

is  reduced  to  Ti’+  ty  removal  of  an  oxygen 
atom.  This  reduced  titanate  has  a  very  high 
dielectric  constant  and  is  a  semiconductor  due 
to  the  loosely  bound  electrons  resulting  from 
the  lattice  defects  (5,  _  7^+  ^  ■jp3+ 

ion  can  be  thought  of  as  a  Ti‘l+  ion  plus  an 
electron.  Iidcr  the  influence  of  an  electric 
fiold,  this  electron  can  move  along  the 
lattice  from  one  reduced  ior.  to  an  adjacent 
’unreduced  site  resulting  in  the  latter  be¬ 
coming  a  reduced  sito.  The  reduced  material, 

•Present  address:  University  of  Chicago,  Gradu¬ 
ate  School • 


even  though  it  has  a  high  dielectric  constant, 
is  useless  as  a  dielectric  because  it  is  very 
conductive.  However,  if  the  reduced  material 
is  fired  briefly  in  air,  a  very  thin  film  of 
unreduced  titanato  should  be  formed  on  its 
surfaces  since  the  missing  oxygen  atoms  re¬ 
sponsible  for  tho  lattice  defects  would  be 
replaced  in  the  structure.  The  body  of  the 
unit  would  still  bo  a  conductor  and  would  con¬ 
sequently  act  like  a  small  series  resistance. 

Two  electrodes  placed  on  the  surfaco  film3 
would  complete  tho  capacitor.  The  entire  unit 
would  bo  relatively  thick  compared  to  the 
tliickness  of  tho  actual  capacitive  layer.  A 
model  of  3uch  a  unit  can  bo  found  in  Figure  1. 

Rg  represents  the  30ri.es  resistance  due  to  the 
resistivity  of  the  innor  semiconductor  and 
I?  represents  tlje  parallel  resistance  due  to  the 
resistivity  of  tho  read. diced  films. 


Figure  1. -Physical  and  electrioal  models  of 
layorized  high-dielectrie-constant  capacitors. 


The  losses  of  the  layerized  capacitors  would 
be  of  three  typos:  (1)  intrinsic  or  polari¬ 
zation  loss  which  is  due  to  the  nature  of  the 
dipolar  structure  of  the  film  and  is  inde¬ 
pendent  of  the  film  thickness,  (2)  parallel 
loss  which  is  duo  to  the  leakage  resistance  of 
the  film  and  increases  with  decreasing  thickness 
of  the  film,  end  (3)  series  loss  which,  results 
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frcm  the  resistivity  of  the  inner  semiconductor 
and  from  the  resistance  of  the  electrodes  them¬ 
selves  . 

Dielectric  constant, k, is  normally  calculated 
for  a  parallel  plate  capacitor  wine  the  formula 
H  *  tC/  0.225  A,  where  t  is  the  thickness  in 
inches,  C  is  the  capacitance  in  micranicro 
farads,  and  A  is  the  area  in  square  Inches .  For 
true  dielectric  constant,  the  actual  thickness 
of  the  insulating  layer  is  used  for  t.  When  the 
3ite  of  capacitive  action  and  the  associated 
thickness  are  not  kncwi  exactly,  an  effective 
dielectric  constant  is  often  obtained  by  using 
the  total  thickness  of  tho  unit  for  t. Effective 
dielectric  oonstont  is  not  used  in  this  work. 

In  19U6,  the  Kerlee  Corporation  fo)  re_ 
ported  work  on  ’uLtra-high-dieloctiic-constant" 
materials.  A  ceramic  having  a  BaTiO^  base  was 
reduced  in  city  gas  which  contains  carbon 
monoxide  to  obtain  units  reported  to  have  an 
effective  dielectric  constant  of  125,000  to 
175,000  and  a  loss  of  approximately  fifty  per¬ 
cent.  These  units  wore  not  reoxidized  and 
their  high  dielectric  constants  are  character¬ 
istic  of  materials  containing  conducting 
particles. 

Wentworth  in  19U7  produced  high-dielectric- 
co.nstant  but  lossy  materials  by  a  carbon  mon- 
ojdde  induction  of  BaTiO-,  ceramics  containing 
other  titanates,  zirconates,  and  antimony 
oxides  (73. 

Other  units,  oimilar  to  those  to  be  des¬ 
cribed  in  this  report,  have. been  made  by 
Onondaga  Pottery  Coup  any  W  who  reduced  tho 
titanate  with  carbon  monoxide  and  rooxidized 
it  when  firing- on  the  silver  electrodes  in  air. 
Roup  and  Butler  («,  wing  carbon  as  a  reducing 
agent  and  fired  silver  as  electrodes, developed 
a  unit  which  is  believed  to  have  resulted  in 
production  of  a  commercial  unit  (10)  having  a 
capacitance  of  about  four  microfarads  per 
square  inch.  Recent  work  by  Roup  and  Kilby (H^ 
using  hydrogon  ar.d  waffle -surfaced  specimens, 
has  resulted  in  units  with  a  still  higher 
capacitance  per  unit  area. 

These  commercial  units  are,  however,  not 
available  in  the  sizes  and  shapes  required  for 
the  work  in  process  at.  'Sic  3Uu0uu  Ordnance  Fuze 
Laboratories  (D0FL).  Therefore,  it  was  neces¬ 
sary  to  fabricate  usable  units  and  study  the 
effects  of  processing  variables  on  the  pro¬ 
perties  of  the  units. 

EXPSiUHEMTU.  KCTiaQUES  AND  DATA 

1.  Formulating  of  specimens 

Thin-film  specimens  were  prepared  by  a 
doctor-blade  technique  as  follows.  Ceramic 
powders  were  combined  to  make  a  mixture  having 
a  total  weight  of  fifty  grams  and  then  '.rare 
mixed  with  the  materials  listed  below  and 


ground  overnight  in 

a  ball  mill. 

Butyl  Oellosolve 

0.35 

irl 

Toluene 

12 

ml 

Rosin  solution 

15 

rl 

The  resin  solution  consisted  of: 
Glycero]  ester  of  hydrogenated 


rosins 

15 

cn 

’■feihyl  abietate 

15 

Cm 

Ethyl  cellulose 

6 

gra 

AmylnapihthalencB 

5.2 

ml 

Fatty  acid  c3tors  of  hexitol 

anhydride 

1.0 

ml 

Diethyl  oxalate 

1.8 

ml 

Toluene 

65.2 

ml 

A  portion  of  the  milled  material  was  poured 
onto  a  plate  (Fig.  2A)  1  laving  edges  raised  0.021; 


Figure  2. -Apparatus  for  casting  and  drying  thin 
ceramic  films:  (a)  plate,  (b)  doctor  blade,  and 
(c)  removal  knife, 

inch  above  the  flat  surface.  A  straight-edged 
blade  (Fig.  2D)  wa3  drawn  along  the  raised  edges 
of  the  plate  forming  wet  film  of  the  desired 
thickness.  Rot  water  passing  through  copper 
tubing  attached  to  the  bottom  of  the  plate 
heated  it  from  below  while  an  infra-red  lamp 
eight  inches  above  the  plate  heated  it  from 
above.  After  fifteen  minutes,  the  lamp  wa3  re¬ 
moved  and  cold  water  was  run  through  the  copper 
tubing.  When  the  film  reached  room  temperature, 
it  was  removed  by  passing  a  thin  blade  (Fig. 20 J 
between  it  and  the  plate.  This  dried  film  was 
a  flexible  sheet  0,012  inch  in  thickness  and 
was  cut  into  7A6-inch  squares.  Squares  of 
larger  size  vero  impractical  due  to  cracking 
during  sintering,  a  result  of  non-uniform 
shrinkage. 

Tho  variow  ceramic  powder  mixtures  that  ircre 
prepared  are  listed  in  Table  I. 


Table  I.  -  Composition  of  formulations 


Formulation 

c 

omposltion 

3A 

DafiCj 

815 

SrElOj 

10? 

CaZrOj 

75 

IlgZrO^ 

25 

33 

a a 

99.55 

CeOj 

0.55 

3C 

3A 

99.85 

Sm203 

0.25 

SD 

BA 

99.55 

1.^03 

0.55 

IE 

BA 

99.55 

0,55 

2.  firing  procedure 
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Table  III 


The  7/16-inch  squares  were  fired  throe 
tines;  first  to  Binter,  second  to  reduce,  and 
third  to  apply  electrodes  and  re oxidize  the 
surfaces  of  the  bodies. 

A.  Sintering.  -  The  ?A6-inch  squares 
were  stacked  between  platinum  separators  and 
a  snail  amount  of  ICCMiesh  7j~0o  powder  was 
sprinkled  between  the  platinum  and  ceramic  to 
prevent  sticking.  Stacks  were  fired  in  a 
platinum  wound  furnace  for  1  hour  at  1350 CC. 

D.  Seducing.  -  The  samples  were  placed  on 
ZrOg  bats  and  reduced  in  a  dry  hydrogen 
atmosphere.  To  determine  optimum  time  and 
temperature  for  the  reduction  process, sanploa 
of  formulation  2A  i/cro  fired  at  each  of  four 
temperatures  for  periods  of  10  and  60  minutes. 
Results  of  electrical  measurements  on  these 
specimens  after  processing  aro  given  in  Table 
II.  Dost  specimens  were  fired  for  ten 
ninutos  at  1200*C,  cooled  in  about  five 
minutes  to  b da- 300 “C  and  then  removed  from  the 
furnace.  Tho  specimens  looked  black  or  blue- 
black  at  this  stage.  In  Table  III,  samples 
fired  in  dry  hydrogen  are  compared  electri¬ 
cally  with  samples  fired  in  hydrogen  wetted 
by  bubbling  through  water. 

Table  II 

Effect  of  various  reducing  times  and  tempera¬ 
tures  or.  the  capacitance  per  unit  area  and  the 
dissipation  factor  of  layerized  reduced  tltau- 
ate  capacitors^1) 


Reduction 

Time; 

,  Capacitance/area, 

Loss 

temperature, 

°G 

min. 

ufd/in2 

i 

1100 

10 

0.34 

2.6 

0.37 

1.7 

60 

0.42 

1.8 

0.54 

2.2 

I2U0 

10 

0.46 

2.0 

60 

0.59 

1.7 

0.46 

1.7 

1300 

10 

0.59 

2.0 

0.51 

2.0 

GO 

0.41 

1.7 

1400 

10 

0.41 

2.8 

0.39 

3.0 

60 

0.4C 

3.4 

^Formulation  3A. 

3:1’ 

yor  paint  electrodes 

fired  for  2  mi  nut, 

cs  at 

300“  C. 

Effect  of  reducing  in  vet  ve.  dry  hydrogen  on 
the  capacitance  per  unit  area  and  dissipation  .  . 
factor  of  layerized  reduced  titanate  capacitor srB' 


Hydrogen  Capacitance/ area,  Loss, 

ufd/in2  % 


Dry 

0.48 

0.59 

0.50 

0.54 

0.55 

4.1 

2.4 

2.5 
2.3 

2.6 

Wet 

0.094 

9.1 

0.099 

11.4 

0.098 

9.3 

0.12 

11.3 

C.10 

9.6 

M Formulation  BA 

Sintered  60  minutes  at  1350°  C. 

Reduced  10  minutes  at  1200°  C. 

Electrodes  fired  2  minutes  at  800°  C. 

C.  Electrode  application  and  rc oxidation 
of  surfaces,  -  Cold  or  silver  electrodes  were  uaeden 
samples.  Gold  oloctrodos  irere  vacuum  de¬ 
posited  in  place  without  resorting  to  glow- 
discharge  cleaning.  Oliver  electrodes  were 
applied  either  by  brushing  or  by  screening  a 
thin  layer  of  silver  paint  onto  the  ceramic. 

After  applying  tho  silver  paint  to  each  side 
of  the  ceramic,  it  was  dried  for  a  fair  minutes 
at  100*0  until  it  wa3  not  tacky  and  the  units 
irero  then  placed  on  20-ncsh  ZrOg  grains  on  a 
3nall  steatite  plate. 

In  order  to  determine  optimum  firing  tine, 
both  at  700“  and  G00"C,  in  a  furnace  having  an 
air  atmosphere,  sixteen  reduced  7AS-lnch 
squares  were  fired  at  various  tines  fron  1,5 
to  8  minutes.  The  results  of  electrical 
measurements  on  these  specimens,  after  cutting 
to  still  smaller  size,  as  described  in  tho 
next  section,  arc  given  in  Table  IV  and  Table 
V;  the  specific  firing  conditions  in  each 
experiment  are  indicated  in  the  footnotes  of 
each  table.  'When  the  specimens  were  removed 
from  the  furnace,  the  snail  fired  squares  ircre 
allowed  to  slide  onto  a  cool  surface  of  insu¬ 
lating  stabilized  zirconia  brick. 

3.  Cutting  to  size 

After  application  of  electrodes,  the  7 At" 
inch  squares  formed  cry  the  doctor  blade  tech¬ 
nique  were  cut  to  0.1-inch  squares  try  a  method 
analogous  to  that  used  to  cut  glass.  Half  of 
the  unit  was  supported,  "iter,  it  was  ruled  with 
a  scribe  having  a  tungsten  carbide  tip  30  that 
the  scratch  was  in  line  ;iith  the  edgo  of  the 
support.  Pressure  was  tnen  exerted  down¬ 
ward  on  the  unsupported  half. 
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Table  IV 

Effect  of  varying  the  filing  time  at  700°  C.  on 
•‘e  capacitance  per  unit  area  and  the  diseipa- 
.  fn  '  of  layerlzed  reduced  titanate  capa¬ 

citors  W;  silver  paint  electrodes. 


Sample 

No. 

Time, 

min. 

Capacitance/area, 

Hfd/in^ 

Lobs, 

* 

1 

1.5 

2.6 

18.5 

2 

2.2 

36.0 

3 

1.7 

8.3 

4 

0.96 

3.1 

«; 

1.7 

23.0 

6 

2.2 

24.7 

7 

1.3 

34.3 

Av. 

2.x 

21.1 

8 

2 

1.6 

38.8 

9 

2.3 

18.1 

10 

1.9 

e.s 

11 

1.9 

11.3 

12 

2.0 

23.3 

Av. 

1.9 

20.0 

13 

4 

1.5 

42.6 

14 

0.88 

2.7 

15 

0.01 

2.7 

16 

0.86 

10.4 

Av. 

1.01 

14.6 

17 

8 

0.69 

10.7 

18 

1.2 

38.8 

19 

0.62 

5.8 

20 

0.95 

41.1 

Av. 

0.86 

24.1 

Formulation  BA,  film  specimens,  C.i-inch 
squares.  All  samples  reduced  ir.  dry  hydrogen 
for  ten  minutes  at  1200°  C. 


Table  V 

Effect  of  varying  the  filling  time  at  800°  C.  on 
the  capacitance  per  unit  area  and  the  dissipa¬ 
tion  factor  of  layerized  reduced  titanate  capa- 
citors^®);  silver  paint  electrodes. 


Sample 

No. 

Time, 

min. 

Capacitanee/area, 

pfd/in2 

Loss, 

* 

1 

1.5 

0.67 

12.4^1 

2 

0.86 

37. 6^ 

3 

0.60 

2.6 

4 

0.67 

3.1.  , 

5 

0.66 

25.9'°' 

6 

0.58 

2.9 

7 

0.56 

2.9 

Av. 

0.60 

3.0 

8 

2 

0.55 

12.1W 

9 

0.50 

2.9 

10 

0.50 

2.4 

11 

0.51 

2.4 

12 

0.4b 

2.2 

Av. 

0.49 

2.5 

13 

4 

0.35 

2.0 

14 

0.34 

2.1 

15 

0.38 

3.1 

16 

0.33 

2-2,u 

17 

0.34 

20. 

Av. 

0.35 

2.6 

18 

4.25 

0.28 

2.0 

19 

0.28 

2.0 

20 

B 

0.22 

2.7 

21 

0.18 

3.6 

22 

0.20 

2.9 

23 

0.19 

2.8 

24 

0.20 

2.8 

25 

0.24 

2.7 

Av. 

0.20 

2.9 

i.  lusting 

A  commercial  capacitance  bridge  uas  used  at 
one-volt  peak  voltage  and  at  one  kilocycle  for 
deter ar.ati one  of  capacitanco  and  dissipation 
factor.  The  results  of  these  measurei-cnts  for 
each  formulation  can  be  found  in  Table  VI. 

There  was  no  dc  bias  across  the  unit  except 
when  leakage  resistance  and  capacitance  ca 
functions  of  dc  voltage  were  reasured.  To 
measure  leakage  resistance,  a  dc  power  supply 
was  connected  to  the  capacitor  in  series  with 
an  ultra-sensitive  rdcroarr-.eter.  The  voltage 
s.cros3  the  unat  was  road  cr.  a  vacuum  tube  volt¬ 
meter  having  ar.  input  resistance  of  11  .Megohms 
arc  the  resistance  was  calculated  from  dun's 
law.  A  plot  of  leakage  resistance  versus  dc 
voltage  for  two  specimens  made  from  formu- 


(a)  Formulation  BA,  film  specimens  0.1-inch 
squares.  All  samples  reduced  in  dry  hydrogen 
for  10  minutes  at  1200°  C. 

(b)  These  values  were  not  included  in  the 
averages  nince  these  units  would  normally  be 
rejected  for  use  in  an  actual  circuit. 


lation  1A  can  bo  found  in  Jig.  3.  The  effect 
of  variation  of  voltage  on  the  resistance  was 
determined  by  measuring  the  resistance  first 
at  cne  volt,  then  at  a  somewhat  higher  voltage, 
then  again  at  one  volt,  and  then  at  a  voltage 
greater  than  tho  previous  maximum.  Ibis  pro¬ 
cedure  uas  continued  to  nine  volts,  each  time 
returning  to  one  volt  after  the  increase.  Hie 
results  of  these  measurements  are  given  in 
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Table  VI 

Effect  of  additives  on  the  capacitance  and  loss 
of  layerized  reduced  titanate  capacitors  at 
1  kc. 


Type  Additive  Capacitance/area,  Loss, 
pfd/in2  t 


BA 

None 

0.48 

4.1 

0.59 

2.4 

0.50 

2.5 

0.54 

2.3 

BB 

Ce02 

1.1 

3.6 

1.0 

3.2 

1.1 

7.6 

0.9 

3.2 

BC 

SnigOj 

0.82 

2.7 

0.76 

2.9 

0.87 

2.8 

1.3 

3.0 

BD 

Wd2°3 

1.4 

4.5 

1.1 

7.0 

1.1 

4.5 

1.0 

11.6 

BE 

LapOj 

1.1 

4.2 

1.2 

4.1 

1.0 

4.1 

1.0 

7.3 

applied  voltage,  volts 

figure  3. -Resistance  as  a  function  of  applied  dc 
voltage  for  layerized  capacitors  of  type  BA. 


Sintering  conditions  —  1  hour,  1350°  C. 
Reducing  conditions  —  10  minutes,  1200”  C. 
Reoxidation  conditions  --  2  minutes,  000°  C. 


Table  VII 

Effect  of  increasing  voltage  pretreatments  on 
leakage  resistance  at  one  volt. 


Type  BA 

Type  BC 

Volt b  Resistance, 

megohm 

Volts  Resistance. 

megohm 

i 

10 

1 

10 

3 

3 

3 

3 

1 

6 

1 

9 

4.8 

0.06 

5 

x 

1 

1 

1 

6 

5.8 

0.06 

6. a 

0.7 

1 

1 

i 

i 

7 

0.03 

7 

0.6 

1 

0.03 

1 

5 

8 

0.01 

8.2 

0.5 

1 

0.03 

1 

A 

9 

0.01 

1 

0.2 

Figure  4. -Capacitance  ana  loss  as  a  function  of 
dc  voltage  for  layerized  capacitors  of  type  BD. 
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Table  ®  in  the  order  in  which  they  were  deter¬ 
mined,  When  capacitance  and  loss  as  a  function 
of  do  voltage  were  measured,  the  power  supply 
and  a  large  inductor  in  series  were  placed 
across  the  unit.  The  purpose  of  tbs  inductor 
was  to  prevent  the  bridge  from  being  loaded  by 
the  bias  supply.  The  results  of  these  measure¬ 
ments  on  a  unit  of  type  bd  can  be  found  in  fig. 

2i. 

The  specimens  were  placed  in  an  insulated 
box  for  measurement  of  the  effects  of  tempera¬ 
ture  on  the  electrical  parameters.  A  fan 
circulated  air  over  snail  pieces  of  dry  ice  to 
cool  the  test  chamber  to  about  -IjO'C.  To  raise 
the  tempo nature, warm  air  obtained  from  a  heater 
contained  in  a  separate  compartment  was  circu¬ 
lated  through  the  box.  The  ambient  temperature 
of  the  test  boot  was  controlled  automatically 
by  a  thermocouple  attaclied  to  the  heater  con¬ 
trol.  The  capacitors  wore  mounted  on  a  ceramic^ 
plate  by  means  of  a  conducting  plastic  cemented 
and  embedded  in  an  epoxy  rosin  to  prevent  con¬ 
densed  water  vapor  from  shorting  the  units. 

The  leads  wero  attached  within  the  box  to  elec¬ 
trodes  which  'fere  connected  externally  to  the 
measuring  circuits.  The  results  of  Hie  temper¬ 
ature  study  can  bo  found  in  Figure  5  which 


Figure  5. -Percent  change  of  capacitance  of  all 
formulatlona  as  a  function  of  temperature,  per¬ 
cent  change  of  capacitance  calculated  from  a 
reference  point  at  25°C« 


indicates  percentage  change  of  capacitance  as 
a  function  of  temperature  for  all  formulations, 
figure  6  shows  the  sane  measurements  made  on 
both  a  reduced  and  an  unreduced  sample  cf 
formulation  33. 

Resistance  as  a  function  of  Line  at  constant 
do  voltage  was  measured  with  an  automatic 
voltage  recorder  using  the  circuit  shown  in 
Figure  7.  The  resistor  ?.  was  adjusted  to  bring 
the  indicator  to  the  region  of  the  scale  where 
the  deflection  was  at  a  maximum,  and  then  was 
not  charged  during  a  run.  Resistors  of  known 
value  were  substituted  for  the  test  unit  to 
calibrate  the  chart. 

A  107-o!in  resistor  was  permanently  connected 
across  the  capacitor  being  tested  to  avoid 
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Figure  6. -Percent  change  of  capacitance  of  re¬ 
duced  and  unreduced  type  EB  capacHor3  as  a 
function  of  temperature,  percent  change  of  capac¬ 
itance  calculated  from  a  reference  point  at  25  C. 
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Figure  7. -Test  circuit  for  continuous  measurement 
of  do  resistance  as  a  function  of  time. 


damaging  the  instrument  by  pickup  whenever  the 
unit  was  removed  from  the  test  circuit.  Hits 
limited  all  measurements  to  slightly  les3  than 
10?  ohms. 

Capacitance  as  a  function  of  time  (aging) 
was  determined  3 imply  by  measuring  the  capaci¬ 
tance  if  a  given  unit  at  prescribed  times  up  to 
1300  hours. 

Capacitance  and  loss  of  several  capacitors 
cut  from  the  edges  of  the  ?A6-dnch  squares  are 
shown  in  the  upper  half  of  Table  VIII.  After 
abrading  the  edges  of  the  capacitors,  the  same 
electrical  properties  are  3hown  in  the  lower 
half  of  Table  VIII. 

Table  VIII 

Effect  of  abrading  away  the  aides  of  edge  pieces 
from  a  7/3 6-inch- square  of  a  type  BA  layerized, 
reduced  titanate  capacitor 


Condition  of 
capaoitor 

Unit 

No. 

Capacitance/ area 
ufd/in2 

*5 

CD 

Before  abrasion 

1 

0.60 

18.6 

2 

0*88 

30.6 

2 

0.9? 

34.5 

After  abrasion 

1 

0,55 

2.6 

2 

0,49 

2.6 

5 

0,51 

6.6 
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To  determine  whether  the  capacltanoe  is  a 
volume  or  surface  phenomenon  and  to  estimate 
the  thlokness  of  the  surface  layer,  one  eleo- 
trode  and  adjacent  acidized  surface  were  re¬ 
moved  by  abrading  with  600-mesh  carborundum  on 
a  glass  plate.  An  electrode  was  then  put  on 
the  exposed  face  both  by  vacuum  deposition  and 
by  painting  on  an  air-dry  silver  paint.  Elec¬ 
trical  measurements  were  then  conducted  on  the 
epeoimens.  Results  are  dismissed  below. 

Several  units  were  embedded  in  an  epoxy 
resin  and  a  cross  section  was  out  with  a  saw. 
The  surface  was  polished  with  fine  emery  and 
examined  under  a  fifty-power  binocular  micro¬ 
scope  with  reflected  light. 


DISCUSSION 

It  was  found  that  capaoitors  with  a  high 
oapaoltanoe-to-volume  ratio  could  be  produoed 
from  ceramic  formulations  consisting  predomi¬ 
nately  of  BaTiO,  sintering,  reducing,  and 
re oxidizing  while  firing- on  silver  paint  elec¬ 
trodes  in  air.  Gold  electrodes  applied  fey 
vaouum  deposition  did  not  produce  capacitors 
but  instead  yielded  low-value  resistors. 

Neither  gold  nor  silver  reacts  chemically  with 
the  caramio .  It  is  unlikely  that  the  glass 
partioles  in  the  silver  paint  had  any  effect, 
since  the  paint  normally  produces  low-resistance 
bonds,  or  that  the  organic  binder  in  t)w  paint 
had  any  effect  beoause  it  would  be  completely 
o entrusted.  Therefore,  the  differences  between 
the  capacitors  bearing  the  two  different  types 
of  electrodes  must  have  resulted  from  the  fact 
that  the  application  of  the  silver  eleotrodes 
required  heating  of  the  material.  It  was 
found  that  the  reduced  ceramic  oould  be  reoxi¬ 
dized  throughout  its  volume  by  continuous  heat¬ 
ing  in  air  for  about  15  minutes  at  temperatures 
suitable  for  electrode  firing. 

It  was  concluded  that  the  process  of  firing 
the  electrodes  resulted  in  formation  of  a  thin 
film  like  the  original  unreduced  ceramic,  and 
having  a  high  dielectric  constant,  and  that  it 
was  this  thin  insulating  film  that  became  the 
capacitor  dielectric.  It  is  of  interest  that 
no  previous  theory  has  been  found  in  the  liter¬ 
ature  that  explained  the  capacitive  action  of 
reduaed  titanato  capacitors  by  means  of  suoh  a 
re oxidized  layer.  However,  the  presence  of 
suoh  a  film  would  permit  an  explanation  of  the 
properties  of  the  capacitor,  in  particular  the 
frequency  dependence,  by  means  of  the  early  . 
theories  of  J.  C.  Maxwell  (13'and  K.W.Wagnar^1'*' 
which  treated  the  capacitance  of  multilayered 
dielectrics.  When  the  units  with  gold  elec¬ 
trodes  appliod  by  vacuum  deposition  were  sub¬ 
sequently  fired  for  1.5  minutes  at  700'C.,  high 
capacitance  and  low  loss  resulted,  as  expected. 

For  the  capacitor  to  have  lew  series  re¬ 
sistance,  the  inner  layer  of  reduced  titanato 
should  have  high  conductivity.  Since  the  con¬ 
ductivity  is  a  result  of  the  reduction  process, 
there  should  be  an  optimum  reduction  time  and 
temperature.  FTcn  Table  II  it  can  be  seen  that, 
over  a  broad  range  of  reduction  temperatures  and 
times,  there  is  no  detectable  difference  in 


dieleetrio  properties.  Apparently  the  con¬ 
ductivity  increases  rapidly  early  In  the  re¬ 
duction  step  so  that  further  treatment  produces 
no  real  improvement.  It  is  important  that  the 
reduced  units  be  oooled  in  the  hydrogen  atmos¬ 
phere  and  sot  be  permitted  to  come  in  contact 
with  oxygen  until  near  room  temperature.  If 
these  precautions  are  not  observed,  uncon¬ 
trolled  re oxidation  will  occur. 

Table  III  gives  some  representative  values 
for  the  finished  oapaoltora  which  were  reduced 
in  both  wet  and  dry  hydrogen.  The  lower  oapaoi- 
tanoo  and  higher  loss  of  the  wet-hydrogen-type 
compared  with  that  of  the  dry-hydrogen-type 
suggests  that  the  re  oxidized  layer  of  the 
former  type  is  thioker  and  that  the  series  loss 
is  greater.  This  effect  can  be  explained  by 
means  of  the  following  well  known  reaction 
between  titanium  dlcoti.de  (O.02)  and  hydrogent 

2Ti02  +  H2  — *  Ti203  +  H20 

When  a  crystal  of  the  oxide  is  exposed  to  hydro¬ 
gen,  the  entire  crystal  is  not  converted  to 
TipOi  (which  nay  bo  written  TiO.  g)  but  rather 
gradually  loses  oxygen  atoms  and  passes  through 
such  non-s toichlome trie  structures  as  'fill 
The  conductivity  of  the  reduced  material  tft- 
oreases  with  increasing  removal  of  oxygen.  Al¬ 
though  TiOg  does  not  exist  as  such  in  the  crys¬ 
tal  lattice  of  barium  titanate,  the  removal  of 
oxygen  aton3  by  the  hyurogen  gas,with  the  re¬ 
sultant  formation  of  vatcr,  is  3till  the  essence 
of  the  reduction  process.  At  high  temperatures 
the  above  reaction  i3  known  to  be  reversible 
with  equilibrium  lying  to  the  right.  If  water 
i3  removed  by  constantly  flushing  the  system 
with  fresh  hydrogen,  the  reaction  will  go  to 
completion  to  the  right.  However,  if  the  hydro¬ 
gen  is  wet,  the  equilibrium  is  reached  with  loss 
of  the  reduced  titanate  present,  i.e.  with  les3 
oxygon  removed  frem  the  lattice.  This  means 
that  the  conductivity  of  the  reduced  material  is 
lower  and  increases  the  series  resistance  and 
hence  the  loss  of  the  unit.  Since  there  is  now 
partially  reoxidized, i.e,  incompletely  reduced, 
material  on  the  surf  ace ,  the  re  oxidation  that 
occurs  Oaring  firing  of  the  electrodes  produces 
a  thicker  insulating  layer.  Tills  decreases  the 
capacitance  as  was  observed.  The  increase  in 
parallel  resistance  due  to  the  greater  thickness 
is,  however,  overshadowed  by  tho  increase  in 
series  resistance  and  the  net  loos  would  in¬ 
crease  as  observed. 

Using  the  formula  for  capacitance  of  a 
parallel  plate  cor.dcrser,  and  assuming  that  the 
dielectric  constant  of  tlic  layer  is  several 
thousand,  a  thickness  fer  the  reoxidized  surface 
layer  of  about  one  tc-r.th  to  one  half  mil  is  ob¬ 
tained.  Tills  is  in  agreement  with  the  amount  of 
material  wiiich  must  he  abraded  away  to  remove 
one  of  tne  series  capacitances.  However,  exami¬ 
nation  by  reflected  light  under  a  fifty-power 
microscope  shows  no  film  of  tills  thickness.  It 
is  conceivable  that  the  film  cannot  bo  seen  by 
reflected  light.  Ic  is  also  possible  that  the 
film  is  thinner  and  the  dielectric  constant 
lower  than  expected  or  that  no  well-defined  layer 
exists.  That  is,  the  layer  would  gradually 
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merge  into  the  conducting  body  of  the  unit. 

Since  the  capacitance  and  also  the  loss  due 
to  leakage  resistance  are  a  function  of  the  thick¬ 
ness  of  the  film  and,  therefore,  of  the  time 
during  which  the  aim  is  being  formed,  it  was 
necessary  to  determine  the  optimum  a  ring  time. 
Fran  Table  V  it  can  be  seen  that  two  minutes  at 
800°  C.  gives  high  capacitance  without  excessive 
loss.  The  magnitude  of  the  loss  of  the  poorer 
units  is  of  no  real  consequence  since  these  units 
would  be  rejected  from  the  lot  before  a  capaoita* 
was  chosen  for  a  circuit.  A  liigli  percentage  of 
rejects  is  obtained  with  a  firing  time  of  1-1/2 
minutes  with  only  a  203  increase  in  capacitance 
above  that  obtainod  by  firing  for  2  minutes. 
Therefore,  on  an  economic  basis,  the  two-minute 
firing  time  is  more  advantageous.  Table  IV  in¬ 
dicates  that  at  700°  C.  the  capacitance  can  bo 
more  than  three  times  as  great  although  this  is 
at  the  expense  of  higher  loss.  For  example,  of 
the  twenty  units  listed  in  Table  V  only  six  have 
a  lose  of  less  than  103  and  these  six  units  have 
a  capacitance  more  nearly  equal  to  that  obtained 
for  a  firing  time  of  two  minutes  at  800°  c.  It 
is  clear  that  If  a  liighui-  capacitance  unit  were 
desired,  it  could  be  made  at  the  lower  tempera¬ 
ture  although  the  material  waste  would  be  greater 
The  high  loss  for  all  rejects  examined  has  been 
found  to  be  duo  to  decreased  leakage  resistance. 
Units  having  a  loss  of  253  or  greater  invariably 
had  a  resistance  of  less  than  100  ktlohna  at 
1-1/2  volt.sj  that  of  the  normal  units  with  lower 
loss  was  usually  on  the  order  of  several  megohms. 

A  very  significant  observation  was  made 
from  those  experiments.  Before  any  systematic 
experiments  wore  performed  to  determine 
optimum  firing  conditions,  tlie  units  were  al¬ 
ways  fired  at  700“  C.  for  1-1/2  minutes.  These 
conditions  were  employed  for  several  months  with 
groat  succcse  although  Table  IT  indicates  that 
difficulty  should  nave  been  experienced.  In 
order  to  understand  this  anomaly  it  should 
first  be  realized  that  a  high  temperature  is  re¬ 
quired  for  reo:d.dation  and  that,when  the  unit 
is  placed  in  the  fumaco,it  is  at  room  tempera¬ 
ture.  It  is  to  be  expected  that  a  thermal  in¬ 
sulator  (the  ceramic)  and  a  thermal  reflector 
(the  silver)  will  not  equilibriate  with  tho 
furnace  very  rapidly.  In  addition,  the  solvent 
in  the  silver  paste  nu3t  evaporate  and, in  so 
doing, cool  tho  sample.  It  was  found  that  when 
a  silvered  reduced  sample  was  placed  in  a  fur¬ 
nace  at  700°C  for  a  series  of  fifteen-second 
exposures,  little  or  no  reoxtdatlon  occurred, 
as  evidenced  by  no  decrease  in  conductivity. 

From  this  the  conclusion  arises  that  more  than 
fifteen  uecond3  is  required  for  the  unit  to 
attain  the  reoxidation  temperature.  This 
time  was  increased  by  the  addition  of  excess 
solvent  to  the  silver  paste. 

It  was  found  that  tho  only  part  of  the  pro¬ 
cedure  that  had  been  changed  at  the  time  ’units 
could  no  longer  bo  fabricated  at  700“  C,  had 
been  that  the  silver  paste  had  been  diluted  with 
turpentine.  Although  it  has  not  yet  been 
proven,  it  is  suggested  that  this  step  was  the 
source  of  the  lifficjlty.  Turpentine  contains 
among  ether  things  significant  amounts  of 


unsaturated  structures,  which  in  the  presence  cf 
atmospheric  oxygon  form  polymors  at  rocn 
temperature.  These  polymers  are  quite  invola¬ 
tile  and  at  700“  C,  they  would  tend  to  char 
rather  than  burn  away.  The  result  is  that 
probably  the  silver  and  the  ceramic  face  would 
be  covered  with  films  of  high  polymeric  carbo¬ 
naceous  residues .  Carbon  has  been  used  liy  -'"oup 
and  Butler” *to  reduce  tho  titanatea.  It  is 
clear  that,in  the  presence  of  the  carbon  and 
the  polymers  films,  foimatlon  of  the  reoxidized 
film  ia  severely  hampered.  Table  IV  indicates 
that  increasing  the  time  to  eight  minutes  still 
doea  not  improve  the  situation.  However,  it  is 
well  known  that  the  time  required  to  remove 
polymers  by  combustion  at  elevated  temperatures 
is  often  much  longer.  The  question  then  is 
why  the  turpentine  does  not  seem  to  interfere 
when  the  units  are  fired  at  800*  C.  The  ex¬ 
planation  is, doubtless, that  at  800“  C.,  moat 
of  these  high  polymers  tend  to  undergo 
complete  combustion  rather  than  thermal  de¬ 
gradation.  In  any  event, at  800°  C.  the  reducing 
carbon  and  the  polyraor  sludge  are  not  present 
on  the  ceramic  face  and  proper  oxidation  occurs. 

From  this  discussion  it  oan  be  seen  that 
reoxidation  conditions  are  critical  and  nay  not 
remain  constant  from  one  batoh  to  another. 

When  difficulty  is  experienced.  It  is  suggested 
that  the  optimum  firing  conditions  be 
determined. 

It  waa  likely  that  each  unit  consisted  of 
two  capacitors,  since  both  sides  of  the  plate 
are  rocod.di.zed  in  scries  with  each  other,  and 
with  tho  conductor  botwcon  them  (Figure  1). 

To  verify  this,  one  of  the  silver  electrodes 
was  ground  away, removing  as  little  of  the  sur¬ 
face  as  possible.  The  aim  was  to  eliminate 
the  insulating  layer.  A  gold  electrode  was 
then  vacuum  doposited  onto  this  side.  The  ca¬ 
pacitance  was  remeasured  and  was  found  to  be 
nearly  doubled, as  would  be  expected  if  one  of 
two  equal  capacitors  in  series  wmu  suorved. 

Table  VI  shows  the  effect  of  various  ad¬ 
ditives  on  the  capacitance  and  loss  measured 
at  25*  C.  The  spread  of  values  for  supposedly 
identical  units  is  3tdU  sufficiently  great 
that  a  statement  cannot  be  made  to  tho  effect 
that  one  additive  produces  a  substantially 
greater  increase  than  another.  However, a  valid 
conclusion  is  that  the  capacitance  can  be  in¬ 
creased  considerably  by  addition  of  rare  earth 
oxides  to  the  original  mixture. 

Since  in  bose  circuit  applications,  a  ca¬ 
pacitor  has  a  do  voltage  across  it,  the  effect 
of  this  voltage  on  the  unit  must  be  determined. 
Figure  3  indicates  the  effect  of  this  voltage 
on  the  leakage  resistance.  The  immediate  ob¬ 
servation  is  that  the  units  are  definitely  non- 
ohmic.  The  graph  gives  data  on  only  twi  sampler 
There  is  much  individual  variation  but  the 
general  property  of  alternating  flat  and  sharply 
dropping  regions  is  characteristic  of  all.  It 
is  thought  that  these  drop3  are  due  to  a  succes¬ 
sion  of  partial  dielectric  breakdowns  or  pinhole 
formation  in  the  insulating  film. 

It  has  been  observed  that  the  leakage  of  a 
sample  depends  to  a  great  extent  upon  its  dec- 
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trlcal  history.  Table  Vll  indicates  Tor  two 
different  sauries  that  the  resistance  does  not 
return  to  its  low-voltage  value  after  e.  high 
voltage  has  been  applied;  that  is,  the  unit  is 
not  only  non-ohmic  but  also  not  reversible. 

Saoh  variation  does  not  seem  to  follow  a  regu¬ 
lar  pattern  and  differs  from  one  unit  to  another. 

It  was  of  interest  to  determine  whether 
the  capacitance  of  one  of  the  0.1-inch-square 
units  was  in  air  way  dependent  upon  the  part  of 
?A6-inch  square  from  which  it  cans.  It  was 
found  that  edge  pieces  from  the  largor  square 
were  considerably  more  lossy  than  those  in  the 
body  of  the  square.  It  was  found  that  often  in 
the  silvering  operation  sens  of  the  silver 
slipped  around  the  edge  and  had  shorted  the 
units.  However,  there  were  many  cases  in  which 
no  silver  on  either  side  of  the  larger  square 
reached  the  edge  and  the  loss  of  these  edge 
units  was  still  excessive.  In  such  cases  the 
high  loss  was  usually  accompanied  by  higher 
oapaoitance  than  normal.  It  was  found  that  If 
the  edge  of  the  unit  was  abraded  away,  the  loss 
and  capacitance  assumed  the  normal  values.  Ta¬ 
ble  VIII  shows  the  capacitance  and  loss  of 
th-ea  siinh  unite  before  and  after  abrasion.  No 
explanation  has  as  yet  been  given  for  this 
phenomenon.  It  is  recommended  that  for  produc¬ 
tion  purposes  the  edge  pieces  be  made  very  narrow 
and  discarded. 

Figure  4  illustrates  the  dependence  of  ca¬ 
pacitance  on  voltage  for  a  single  typical  unit. 
The  details  of  the  curve  vary  from  sample  to 
sample  but  the  sudden  Increase  in  loss  and  the 
continual  capacitance  decrease  are  character¬ 
istic.  No  explanation  has  been  given  yet  for 
the  general  shape  of  the  curve. 

The  temperature-capacitance  characteris¬ 
tics  of  units  containing  various  additives  can 
be  seen  in  Figure  5  which  shows  the  percentage 
change  of  capacitance  from  the  room-temperature 
value  as  a  function  of  temperature.  The  mate¬ 
rial  with  no  additives,  BA,  shows  the  lea3t 
variation.  Of  the  additives,  CeO-  produoed  the 
least  chance.  Although  for  most  purposes  a 
perfectly  Hat  curve  would  bo  ideal.  It.  should 
be  noted  that  a  controlled  amount  of  temperature 
dependence  can  bo  obtained  by  proper  choice  of 
additives.  Such  elements  nay  be  useful  in 
special  applications. 

Figure  6  indicates  the  percentage  change  of 
capacitance  as  a  function  of  temperature  for  the 
formulation  containing  Ce02,  If  the  insulating 
layer  is  unreduced  titar.ate  as  has  been  propose^ 
then  it  would  be  expected  that  the  ;r\es  for 
the  unreduced  and  for  the  reduced  and  reoxidizod 
specimens  would  be  identical.  The  close  simi¬ 
larity  indicates  that  the  hypothesis  i~  probably 
correct.  The  difference  between  the  two  curves 
is  possibly  due  to  interfacial  polarization. 

Any  usable  capacitors  must  be  relatively 
stable  with  tine.  The  resistance  of  several 
units  was  observed  at  constant  voltage  for  as 
long  as  eighteen  hour3.  It  was  found  that,  up 
to  two-volts  bias,  the  leakage  resistance  never 
dropped  belcw  one  megohn.  For  higher  values,  up 
to  4,5  volts,  the  leakage  resistance  often  drotv 
peel  to  as  low  as  200  kilohms. 


The  variation  of  capacitance  with  time  with 
no  applied  voltage  (aging)  was  found  to  be  2-3  % 
per  decade.  This  followed  the  typical  exponen¬ 
tial  decrease  with  the  most  rapid  decrease  oc¬ 
curring  during  the  first  few  hours  after  the 
temperature  of  the  wilt  was  raised  above  the 
Curie-point  temperature. 

Studies  of  the  characteriatico  of  the  ma¬ 
terials  used  and  of  the  phenomena  involved  in 
the  production  teohniques  described  above  are 
being  continued.  There  is  sane  evidence 

that  the  sintering  operation  may  be  unnecessary 
and  that  sufficient  sintering  can  occur  during 
the  reduction  process  provided  that  the  temper¬ 
ature  is  raised  to  approximately  HiOO*  C.  It 
is  also  possible  that  chemical  reood.dat.ion  and 
subsequent  chemical  deposition  of  electrodes 
will  produce  units  having  greater  uniformity. 
Other  additives  renal n  to  be  tested,  including 
bismuth  stannate  which  is  known  to  flatten  the 
temperature-capacitance  curve.  It  ie  knevn 
also  that  titanium  dioxide  can  bo  rendered 
semiconducting  by  addition  of  small  quantities 
of  tri-  and  pentavalont  oxides.  It  is  possible 
that  the  tltanates  can  be  similarly  affected  by 
antimonate3,  tungstates,  and  molybdates.  The 
insulating  film  could  then  be  formed  by  chemi¬ 
cal  removal  of  the  accepter  or  donor  atoms  from 
the  surface  of  tho  plate.  There  is  30130  evi¬ 
dence  that  the  capacitance  can  be  increased 
substantially  by  roughening  the  surfaces  of  the 
reduced  unit  before  reaxidation,  in  so  doing 
increasing  the  effective  surface  area. 


COXLUSICHS 

Microminiature  ceramic  capacitors  having  a 
capacitance  of  about  l|ifd/in2  and  losses  of  3 
to  55  havu  been  made  from  a  very  thin  layer  of 
material  consisting  predominantly  of  Bai'iO-j. 

The  units  were  made  byt  (1)  casting  a  thin 
film  by  a  doctor-blade  technique,  (2)  sintering 
a  plate  cut  from  thiB  film,  (3)  reducing  in 
hydrogen  to  make  tho  plate  scmi-ccnducting,  (1*) 
recrcldizing  the  surfaces  w/Jllc  firing-on  the 
silver  electrodes  to  form  an  insulating  di¬ 
electric,  and  (5)  cutting  the  plate  into  0.1- 
inch  squares.  The  stop  providing  for  surface 
reoridation  (Step  No.  Ii)  was  the  most  critical 
and  care  in  selecting  the  time  and  temperature 
for  t!d.o  operation  must  be  exercised. 

Because  of  the  3trcng  voltage  dependence 
of  the  loakace  resistance  of  these  capacitors, 
the  recommended  maximum  voltage  rating  is  2 
volts. 
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A  FAMILY  OF  STANDARD  TRAN3IOTQR  SWITCHING  CIRCUIT.'; 


Thomas  A.  Prugh 

Diamond  Ordnance  Fuze  Laboratories,  Washington  25,  D.  C. 

This  paper  describes  the  progress  to  date  in  designing  a  compatible  set  of 
standard  circuits  for  use  in  experimental  breadboard  systems.  The  circuits, 
such  as  multivibrators,  binarj  counters  and  invertors,  are  simple  building  blocks 
which  can  be  interconnected  to  perform  complex  functions.  The  circuits,  which 
are  shown  in  detail,  are  iv fov  u»e  =«,  frequencies  up  to  approximately 
15  KC  and  temperatures  up  to  a 5  C.  Design  changes  are  presented  for  modi¬ 
fying  the  limits  as  may  be  required  for  a  specific  application.  An  electronic 
timer  is  described  which  illustrates  the  use  of  the  standard  circuits  to  gener¬ 
ate  time  intervals  of  5,  10,  or  15  seconds  following  an  initiating  trigger. 

Future  effort  will  be  directed  toward  adding  additional  circuits  to  the  avail¬ 
able  types  and  obtaining  more  complete  theoretical  and  experimental  data  on 

present  and  newly  added  circuits.  ,  ,  . 

U)  Inverter  (IN) 

INTRODUCTION 


Standard  circuits  and  modules  are  being 
increasingly  considered  by  the  electronics 
industry.  This  Interest  is  understandable 
when  the  amount  of  time  spent  in  designing 
a  given  type  circuit  over  and  over  again  is 
added  up.  Also  from  the  standpoint  of  mass 
production  a  few  widely  applicab 1 e  standard 
circuits  would  permit  low  unit  cost  and  high 
reliability. 

The  microminiaturization  program  adds  an 
additional  incentive.  As  the  circuits  get 
smaller  and  are  manufactured  by  printing  or 
vacuum-deposition  methods,  the  system  de¬ 
signer  will  become  primarily  interested  in 
the  functioning  of  logical  blocks  rather 
than  the  individual  component  part  values. 

In  order  to  achieve  reliable  building  blocks, 
the  circuit  design  can  and  should  be  con¬ 
sidered  in  detail  only  during  the  overall 
design  of  the  particular  wafers  or  modules. 
These  modules  then  are  stocked  as  the  small¬ 
est  component  to  be  handled  in  development 
and  production  activities. 

In  connection  with  research  and  develop¬ 
ment  work  of  the  Diamond  Ordnance  Fuze  Labor¬ 
atories,  it  has  been  found  that  the  circuits 
to  be  described  are  useful  for  rapid  assembly 
of  working  systems.  The  circuits  are  pri¬ 
marily  of  the  low  power  level,  information 
handling  type.  Typical  applications  include 
digital  computing  and  timing  operations.  The 
circuits  are  restricted  to  those  using  the 
transistor  as  an  off-or.  or  relay-type  device. 

SPECIFIC  CIRCUITS 

The  circuits  are  listed  in  Table  I  in  the 
order  they  will  be  discussed.  The  particular 
circuit  types  were  chosen,  in  part,  because 
they  have  been  studied  extensively.  As  a 
result,  detailed  information  is  available  or 
calculable  on  the  design,  performance,  and 
limitations  of  the  circuits.  Specific  compo¬ 
nent  part  values  are  shown  in  the  schematics. 
From  the  standpoint  of  presently  used  tech¬ 
niques  of  making  microminiature  assemblies, 
the  resistor  elements  are  the  easiest  to 
handle.  Accordingly  the  circuits  are  de¬ 
signed  to  use  r.o  inductors  and  as  few 
capacitors  as  possible. 


The  Inverter  circuit  1  shown  in  Figure  1 
as  its  name  implies,  inverts  the  input  sig¬ 
nal.  For  -  1.5  volts  in,  the  output  is  Oj 
for  0  in,  -1.5  volts  out.  One  Inverter 
stage  can  drive  several  other  inverter 
stages  or  similar  type  loads. 

(2)  Inverter  Less  Load  (INLL) 

A  degenerate  form  of  the  Inverter  is 
shown  in  Figure  2.  The  load  resistor  of 
1  K  ohm,  normally  found  in  the  collector 
circuit,  is  omitted.  This  circuit  is 
used  to  couple  a  signal  to  a  common 
load  resistor  fed  by  several  circuits. 

(3)  NOR 

(2 

The  NOR  circuit  ’  '  is  similar  to  the 

Inverter  except  for  the  number  of  inputB. 

The  NOR  shown  in  Figure  3  haB  two  inputs. 

In  principle,  any  number  could  be  used. 

In  practice,  the  two-input  version  is  a 
compromise  between  versatility  and  non- 
criticalness.  The  two-input  NOR  has  many 
similar  logical  properties  to  the  two- 
grid  pentode  gating  circuit.  The  logical 
function  performed  by  the  NOR  is  shown 
beside  the  schematic  of  Figure  3.  When 
neither  A  nor  B  is  present  an  output 
exists.  The  NOR  is  an  elemental  building 
block.  With  one  or  more  NOR  circuits 
all  the  logical  functions  including  NOT, 

AND,  OR  can  be  performed. 


TABLE  I 

LIST  OF  STANDARD  CIRCUITS 


Inverter 

(IN) 

Inverter  Less  Load 

(INLL) 

NOR 

(NOR) 

Flip-Flop 

(FF) 

Binary  Counter 

(BC  and  BCR) 

Mono 9 table  Multivibrator 

(MMV) 

Free  Running  Multivibrator 

(FRMV) 

Lamp  Control 

(LC) 

Power  Switch 

(PS) 
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(*0  Flip-Flop  (FF) 

A  bistable  circuit  can  be  formed  by  connect¬ 
ing  two  Inverter  circuits  together  to  form  a 
toggle  or  Flip-Flop.'1*'  Hie  schematic  is  shown 
In  Figure  4.  Information  can  be  coupled  into 
the  Flip-Flop  by  connecting  the  collector  of  an 
INLL  circuit  to  one  of  the  collectors  of  the 
FF. 

(5)  Binary  Counters  (BC  and  BCR) 

The  Flip-Flop  can  be  modified  by  the  addition 
of  input  pulse  steeping  circuits  to  obtain  a 
Binary  Counter  °)  as  shown  in  Figure  5. 

The  added  capacitors,  diodes  and  resistors  pro¬ 
vide  alternate  feeding  of  the  input  pulses  to 
one  trnrsiator,  then  to  the  other. 

When  initial  conditions  need  to  be  set  into 
the  Binary  Counter,  diodes  coupled  to  the  base 
of  each  transistor  can  be  added  as  shown  in 
Figure  6. 

(6)  Monostable  Multivibrator  (MMV) 

The  Monostable  Multivibrator^)  is  used  to 
generate  a  gate  or  time  delay  following  an 
initiating  trigger  pulse.  The  design  shown 
in  Figure  7  has  the  delay  time  adjusted  by 
cnoice  of  the  coupling  capacitor  between  the 
two  transistors.  The  start  trigger  is  coupled 
into  the  "normally-on"  translator  by  means  of 
a  capacitor,  resistor,  and  diode  network. 

(7)  Free  Running  Multivibrator  (FRMV) 

The  Free  Running  Multivibrator^®)  of 
Figure  8  is  a  source  of  two  symmetrical  square 
waves  of  opposite  polarities.  The  frequency 
is  set  by  the  cross-coupling  capacitors. 

(8)  Lamp  Control  (LC) 

The  Lamp  Control  circuit  cf  Figure  9  is  used 
when  visual  indication  is  required  of  the 
binary  state  of  Flip-Flops  or  Binary  Counters. 

A  two-stage  circuit  is  used  because  the  lamps 
have  a  drain  of  about  50  mllllamperes .  A 
single  transistor  could  not  reliably  give 
enough  current  gain.  Both  this  circuit  and  the 
following  Power  Switch  circuit  are  designed 
to  be  driven  by  an  output  signal  from  one  of 
the  previously  described  circuits. 

(9)  Power  Switch  (PS) 


COMMENTS  ON  DESIGN  AND  PERFORMANCE 

Elaboration  of  several  points  concerning 
these  circuits  will  now  be  male  under  the  fol¬ 
lowing  headings: 

1.  Choice  of  transistor  type 

2.  Transistor  specifications 

3.  Choice  of  diodes 

4.  Choice  of  supply  voltages 

5.  Upper  frequency  limit 

6.  Upper  temperature  limit 

(  1)  Choice  of  Translator  Type 

The  specific  circuits  shown  are  designed  for 
pnp  transistors.  Simple  changes  in  the  polar¬ 
ities  of  capacitors,  diodc3,  and  power  supplies 
would  permit  the  use  of  npn  typeB.  The  pnp 
alley  germanium  types  are  the  moat  ''ommon 
transistors  manufactured  and  are  well  suited 
to  the  circuits.  Typical  transistors  are  the 
2N77,  2N105,  and  2N207.  The  latter  transistor 
has  been  used  extensively  in  making  small 
etched  hoard  modules.  Higher  frequency  types 
include  the  2N139  and  those  of  the  series 
2N1I2-2N111*.  The  microalloy  2N393  la  a  type 
of  even  higher  frequency.  For  high- tempers tore 
operation,  a  silicon  alloy  type  would  be 
necessury. 

(?)  Transistor  Specifications 

Two  parameters  are  of  major  importance  to  the 
proper  operation  of  the  circuits:  common 
emitter  current  gain  (p)  and  collector  cut-off 
current  (Icgg)-  11116  dr°P  in  0  with  decreasing 
temperature  sets  the  lower  temperature  limit 
of  circuit  operation.  The  Increase  in  Irao 
with  increasing  temperature  setB  the  upper 
temperature  limit  for  the  circuits.  Beta 
values  of  50  or  greater  are  required  for  all 
transistors  except  the  output  transistor  in 
the  Lamp  Control  Circuit.  This  latter  transis¬ 
tor  was  chosen  to  have  a  p  greater  than  100. 

The  p  of  the  2N207  drops  to  about  50$  of  its 
room- temperature  value  at  -40°  C.  The  circuits 
should  perform  properly  down  to  this  tempera¬ 
ture  although  experimental  tests  have  not 
verified  the  fact.  The  circuits  are  designed 
to  operate  with  transistors  having  an  I-mQ 
value  up  to  30  pa.  For  the  2N207  type,  this 
value  is  reached  at  approximately  60°  C. 

( 3)  Choice  of  Diodes 


The  Power  Switch  circuit  of  Figure  10  is 
i-ilar  to  t-he  Lamp  Control  circuit  except  .or 
h';  output  load.  The  Power  Switch  circuit  will 
""ide  a  heavy  duty  positive  step  in  voltage 
I  its  output.  One  use  of  the  circuit  Is  to 
et  or  reset  a  numbe,  of  Si....ry  Counter  stages 
jjcul  taneously . 


The  diodes  used  in  the  Binary  Counter  are 
non-critical  in  terms  of  the  characteristics 
of  presently  available  diodes.  Point  contact 
germanium  diodes  of  minimum  quality  have  been 
U3ed.  The  1N90  is  typical.  It  has  a  minimum 
forward  current  of  5  na  at  1  vclt  and  a  maxi¬ 
mum  reverse  current  of  500  ua  at  50  volt3. 


® 
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Junction  diodes  of  equivalent  dc  characterls- 
tics  should  operate  as  well  as  point  contact 
types  in  the  low-frequency  circuits  considered 
so  far .  If  the  maximum  upper  operating  temper¬ 
ature  is  desired  for  the  circuits,  the  diode 
should  be  chosen  for  'nln-imim,  reverse  current 
at  the  upper  temperature  point. 

(*0  Choice  of  Supply  Voltages 

The  circuits  are  designed  to  operate  from 
two  single  cells,  one  for  the  negative  source 
and  one  for  the  positive  source.  Either  1.3- 
volt  nercury  cells  or  1.5- volt  dry  cells 
are  satisfactory.  Two-volt  lead-acid  cells 
can  be  used  if  the  Lamp  Control  Circuit  has  a 
2- volt  lamp  (No.  48  or  49). 

(5)  Upper  Frequency  Limit. 

The  circuits  have  not  been  designed  for  opti¬ 
mum  frequency'  response.  Circuit  simplicity 
and  reliable  low-frequency  operation  were 
stressed  in  these  designs.  The  Binary  Counter, 
using  transistors  such  as  the  riti'Cf  or  2N207, 
has  an  upper  input  counting  rate  of  approxi¬ 
mately  15  kc.  The  input  capacitors  were 
chosen  for  these  transistors  and  would  need  to 
be  reduced  in  value  to  permit,  higher  counting 
rates  with  higher  frequency  transistors.  The 
Lamp  Control  circuit  la  limited  in  speed  by 
the  thermal  response-time  of  the  lamp.  Obser¬ 
vation  of  several  switching  cycles  per  second 
is  possible.  The  other  switching  circuits 
have  a  transient  reapor.  je-tlme  of  about  20 
microseconds. 

(6)  Upper  Temperature  Limit 

If  2N207  transistors  and  1N90  diodes  are  em¬ 
ployed  lr.  the  circuits  with  other  component 
parts  as  shown,  the  upper  temperature  limit 
is  approximately  45°  C.  It  is  stressed  that 
the  particular  design-values  are  not  chosen  to 
give  high- temperature  performance. 

TECHNIQUES  FOR  IMPROVING  PERFORMANCE 

The  circuits  presented  1"  the  schematics 
have  upper  limits  ir.  frequency  of  tens  of 
kilocycles  and  in  temperature  of  approxi¬ 
mately  4 50  C.  The  natural  quest;  n  Is  how 
to  improve  these  limits,  if  necessary,  for 
a  particular  application. 

The  upper  frequency  limit  car.  be  raised  by 
two  approaches.  The  first  is  to  keep  the 
previously  described  circuit  topology  and 
use  higher  frequency  transistors  and  cor¬ 
respondingly  lower  capacitors'”'  in  the 
Binary  Counter  stages.  Most  of  the  circuit 
speeds  are  limited  by  the  transistors  and 
not  by  wiring  capacitances.  The  upper  speed 
is  roughly  proportional  to  the  alpha  cutoff 
frequency  of  the  transistors. 


The  second  approach  is  to  use  a  more  com¬ 
plex  circuit'2'  and  more  efficiently  utilize 
a  particular  transistor-type.  Speed-up  or 
commutating  capacitors  can  be  used  to  pro¬ 
vide  better  coupling  between  stages.  The 
transistors  can  be  operated  in  a  non-Batura- 
ting  mode;  thus  reducing  switching  time  ap¬ 
preciably.  Complementary-symmetry  operation 
can  be  used  to  obtain  positive  drive  in  the 
rise  and  fall  times  of  a  waveform. 

In  an  analogous  manner,  the  upper  tempera¬ 
ture  limit  can  be  improved.  Keeping  the  same 
circuits,  transistors  with  lower  cur¬ 

rents  can  be  used  (if  available).  Tne  silicon 
alloy  types  will  prove  attractive  as  they 
become  more  readily  available  at  modest  prices. 
The  base  bias  resistors  and/or  positive  supply 
voltage  can  be  modified  for  higher  tempera¬ 
ture  operation.  More  involved  circuitry  can 
be  used  to  boost  the  upper  temperature  limit. 

A  REPRESENTATIVE  APPLICATION  OF  THE  CIRCUITS 
TO  A  SYSTEM 

An  example  of  the  use  of  the  standard  cir¬ 
cuits  to  construct  a  more  involved  system  19 
shown  In  Figure  11.  The  system  is  an  elec¬ 
tronic  timer  for  generating  5,  10  or  15  second 
intervals  following  the  activation  of  a  push 
button. 

One-second  pulses  are  generated  by  dividing 
down  the  60  ops  line  voltage  through  a  six- 
stage  binary  divider  (BCR-1  through  BCR-6) 
with  feedback  to  reduce  the  division  ratio 
from  64  to  60.  The  input  power  line  voltage 
is  shaped  to  drive  the  binary  counter  by 
feeding  through  the  two  inverter  stages 
(lN-1,  IN-2).  The  NOR  block  is  a  gate 
described  later  on. 

The  basic  counting  register  is  another  set 
of  binary  counter  stages  (BCR-7  through  BCR-10) 
Three  time-periods  are  provided,  i.e.,  5,  10 
and  15  seconds.  Using  the  one-second  pulses 
as  an  input,  the  4-stage  binary  counter  has 
sufficient  capacity  (16  counts)  to  count  the 
maximum  time.  The  four  stage  counter  is  preset 
to  the  proper  count  to  permit  reaching  its  maxi 
mum  count  at  the  desired  time.  The  "SET  TIME" 
switch  sets  up  the  proper  path  for  preoet  pulse 
at  the  start  of  the  time  interval. 

The  time  interval  is  initiated  by  pressing 
the  "START"  push  button.  This  flipB  BCR-12, 
used  as  a  flip-flop,  to  a  position  which  causes 
the  NOR-1  circuit  to  pass  60  cps  pulses  to  the 
6C:1  divider  chain.  This  change  in  state  of 
BCR-12  also  triggers  a  monostable  mill ti vibrator 
(MMV)  of  approximately  1  ras  duration.  This  1 
ms  pulse  is  amplified  in  the  power  switch  (PS) 
and  used  to  preset  all  the  BCR  stages  to  their 
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proper  positions.  The  preset  pulse  is  fed 
through  the  "SET  TIME"  switch  to  the  proper 
terminals  of  the  BCB  stages  in  the  count!  ng 
register  to  give  the  desired  time  Interval. 

For  example,  to  generate  a  10-second  interval, 
BCR-8  and  BCR-9  are  preset  to  their  non-zero 
positions.  Since  BCR-8  has  a  value  of  2  counts, 
and  BCR-9  has  a  value  of  k,  a  total  of  6  counts 
is  subtracted  from  the  total  capacity  of  the 
k  stages.  Thus,  16  less  6,  or  10,  one-second 
pulses  are  required  to  cycle  the  counter  to  a 
point  where  BCR-11  is  flipped. 

The  fifth  stage  (BCR-11 )  of  the  counting 
register  is  used  as  a  temporary  memory  to  show 
that  the  time  interval  is  over.  This  stage 
flips  at  the  end  of  the  time  interval  and  flips 
back  again  16  seconds  later.  This  second  change 
Is  used  to  reset  BCR-12  and  thus  stop  pulses 
from  passing  through  the  NOR-1  circuit.  This 
completes  the  cycle  of  the  timer.  Pressing 
the  START  button  initiates  a  new  eyeje. 

Visual  Indication  of  the  counter  operation  is 
provided  by  the  lamp  control  circuits  (LC-1 
through  LC-5).  One  is  connected  to  each  of 
the  binary  counter  stages  in  the  counting 
register  (BCR-7  through  BCR-ll).  The  stages 
kC-1  through  LC-k  indicate  the  Instantaneous 
binary  count  In  the  register.  LC-3  operated 
by  BCR-11  indicates  the  end  of  the  time 
Interval. 

CONCLUSIONS  AND  RECOMMENDATIONS 

The  family  of  circuits  described  herein  rep- 
reeents  u  preliminary  effort  to  solve  the 
standard- circuit  problem  for  those  applica¬ 
tions  requiring  low-frequency  switching  oper 
ation8  in  a  moderate  temperature  range.  Fo 
the  present,  no  attempt  has  been  made  to  ex¬ 
tend  the  frequency  range  above  l‘>  kc  or  the 
temperature  above  45°  C  although  techniques 
for  extending  these  ranges  have  been  sug¬ 
gested.  The  use  of  several  standard  circuits 
in  the  construction  of  an  experimental  digi¬ 
tal  timer  has  been  demonstrated. 

Two  directions  for  additional  work  appear 
attractive.  First,  an  investigation  should 
be  made  of  circuits  which  r.ay  use  the  transis¬ 
tor  in  a  more  efficient  fashion  than  present 
circuits.  Second,  linear  circuits  such  as 


amplifiers  should  be  examined  for  possible 
inclusion  in  the  family  of  standard  circuits. 
However,  before  adding  any  new  circuit,  to  the 
family,  detailed  theoretical  and  experimental 
work  should  be  carried  out  to  assure  a  com¬ 
plete  understanding  of  its  capabilities  and 
limitations. 
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THE  ROIZ  OF  SBGCONDUOTORS  ID  THE  ABB  KICBCHOCUIZ  PROGRAM 


Irving  J,  Rees 

U.  S.  Army  Signal  Research  and  Development  Laboratory,  Pert  Hoonouth,  M.  J. 

ABSTRACT:  The  technical  requirements  for  the  Micromodule  Program,  as  it  is 
applied  to  semiconductors,  are  described  in  detail.  Five  major  groups  were 
established  to  characterize  electric  parameter  requirements  for  transistors,  and 
six  major  groups  for  diodes  and  rectifiers.  The  types  of  transistors  to  be 
modularized  Include  low  power  audio  and  switching,  very  high  frequency  at  12.5  Me 
to  30  Me,  and  70  Me,  and  a  power  oscillator  with  one-watt  power  output  at  70  Me. 
The  diodes  include  rectifier-detector,  computer,  regulator  (zener),  reference,  AFC 
au-i  FM  modulator,  and  reactance  timing  types.  Similarity  to  commercial  types  is 
shown.  The  entire  program  is  geared  to  the  current  state  of  the  ait  in  semicon¬ 
ductors  . 

Various  approaches  to  repackaging  semiconductors  with  hermetic  seals  are  shown 
and  described. 


The  transistor  program  is  initially  limited  to  garmaniir.  types  j  however,  silicon 
will  be  used  in  later  phases.  Silicon  is  used  almost  exclusively  in  the  diode 
portion. 


Wort:  now  in  progress  is  described. 


INTRODUCTION! 

Semiconductors  play  an  impressive  end 
significant  role  in  the  Army  Micromodule  Program. 
Because  of  the  inherent  advantages  in  aise  and 
power  requirements  of  these  devioes,  the  initial 
effort  was  geared  to  the  use  of  translators  end 
diodes  es  active  elements. 

The  preeent  program  aims  at  the  re¬ 
packaging  of  existing  transistor  and  diode  types 
into  wafer  form  factors,  the  dimensions  of 
which  have  been  tentatively  set  as  .30)  x  .300  x 
.030  inohes. 

For  the  purpose  of  defining  the  character¬ 
istic  requirements  for  parameters  and  oireuit 
usage,  the  miorotransistors  and  microdiodes,  as 
they  will  hereafter  be  called,  are  separated 
into  distinct  groups.  At  present,  there  are 
five  major  groups  for  miorotransistors,  and  six 
major  groups  for  microdiodes. 

TECHNICAL  REQUIREMENTS! 

The  teehniesi  requirements  or  objective 
specifications  for  these  devices  are  shown  in 
Tables  I  and  III 


TABLE  I 

TECHNICAL  REQUIREMENTS  FOR  HICROTRANSISTCRS 


grovffi  feBEUa^Sa  Typical  Type 

A  Audio  2N140 

B  Switching  2N404 

C  12.5  to  30  Me  IF  2N384 

II  70  Me  IF  2N700 

*E  70  Me  1  watt  (Under 

Development) 


*Group  S  represents  the  upper  limit. 


TABIE  II 

TECHNICAL  REQUIREMENTS  FCR  HICRCOICDBS 


Croup 

Application 

Typical 

FI 

Low  Frequency  Rectifier- 
Detector 

1M277 

F2 

Fast  Sw  Computer 

Silicon  Junction 

1ft  643 

G1 

Regulator 

1B665 

1N667 

02 

KeTerence 

1N430 

HI 

Reactance  Modulator 

V39 

AFC  and  EM 

V56 

H2 

Reactance  Tuning 

V27E 

V58E 

The  above  technical  requirements  are  for  the 
IPS  Program.  All  work  is  geared  to  current  state 
of  the  art,  and  little  or  no  research  and 
development  is  permitted.  The  initial  phase  of 
the  miorotransistor  program  is  directed  toward 
gerwniim  devices,  but  ailioon  mi  or  ot  re  ns  1st  ere 
will  certainly  be  incorporated  into  the  program 
later  on.  Except  for  one  germanium  group,  the 
miorodlode  program  is  an  all-silicon  program. 

The  Initial  work  ia  directed  toward  ambient 
temperatures  of  -65*C  to  *8$*C,  and  Junction 
temperatures  of  +100*0  for  the  germanium  mioro- 
elemecte.  With  the  advent  of  silicon  into  the 
program,  these  t.««pereturee  will  be  raised  to 
♦125 *C  ambient  and  «200*C  Junction  temperature. 

In  addition  to  testing  electrical  parameters, 
extensive  life  teste  will  be  conducted  at  high 
storage  temperatures,  and  tests  for  mechanical 
ruggedness  and  operation  under  different  an- 
vlrosmental  conditions  will  be  carried  out. 

These  tests  will  be  performed  only  on  devices 
which  have  passed  hermetic  sag  teste. 
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For  parameter  characterisation,  only  one 
aicrodlode  or  microtranslrtor  per  wafer  ia  contem- 
pleted;  however,  It  is  anticipated  that  multiple 
countings  per  wafer  can  be  aooomplished. 

The  wafer  material  or  substrate  has  not  been 
definitely  seleeted.  It  may  be  necessary  to 
utilise  different  substrate  materials  for  eaoh  of 
the  groups  previously  mentioned.  Substrate  mater¬ 
ials  now  under  test  include  alumina  and  glass, 
beryllium  oxide,  and  synthetic  oer arnica  such  aa 
My cal ex. 

SEMICONDUCTOR  tdCBCMCDULE  PROGRAM: 

The  semiconductor  micromodule  program  is 
divided  into  three  phases  in  terms  of  samples. 
These  are  designated  preliminary,  prototype,  and 
final  samples. 

Fr-?ilfl!tfrf  s—fliTT-  The  preliminary 
samples  (see  Figure  1)  are  constructed  in  the 
foliating  manner:  Electric  ally  tested  and  satis¬ 
factory  pellet  assemblies  are  used.  The  con¬ 
nector  wires  are  reinforced  with  a  silicone  resin, 
and  .003  ineh  nickel  lends  are  welded  to  the 
base  tab  and  existing  clipped  emitter  and  col¬ 
lector  leads.  After  suitable  bakeout,  the  pellets 
and  base  tabs  are  glued  in  place  on  the  wafer 
substrate  with  an  epoxy  renin.  The  oollector 
lead  is  threaded  through  a  hole  in  the  side  of 
the  wafer,  and  the  base  lead  is  soldered  to  its 
terminal.  The  collector  ia  then  soldered  to  its 
terminal.  The  assembly  of  the  two  wafers  is 
aoecaplished  by  using  an  epoxy  resin  for  the 
adhesive.  These  "in  plastle"  samples  (see 
Figure  2)  will  not  be  evaluated  in  life  tests, 
but  will  be  used  as  tools  by  circuit  designers 
attempting  to  translate  elrouils  pertaining  to 
specific  equipment  subassemblies  into  the  micro¬ 
module  concept.  To  accomplish  this  breadboarding, 
sufficient  quantitlea  of  the  different  groups 
will  be  assembled. 

Prototype  Samples.  Prototype  samples  (see 
Figure  3)  will  aim  at  true  hermetla  sealing.  The 
pellet  assembly  (which  has  been  tested  electri¬ 
cally,  or  life  tested  at  high  storage  tempera¬ 
ture  for  Increased  reliability)  is  positioned  in 
the  wafer,  and  the  base  tab  la  held  by  solder  to 
one  corner.  Connection  to  the  emitter  and  col¬ 
lector  ia  made  by  using  drilled  inserts  to 
accomodate  solder.  The  use  of  a  dielectric 
coating  over  the  pellet  assembly  is  being  con¬ 
sidered  to  shield  it  frco  the  solder  poured  into 
the  oonnsotor  holes.  Ths  base  lead,  whioh  is 
normally  attached  to  a  side  terminal  of  one  wafer, 
could  be  brought  through  the  top  wafer  to  reduoe 
capacitance  If  necessary. 

The  main  seal  usee  a  solder  ring  (see  Figure 
4),  end  may  be  made  by  using  hot  techniques  in¬ 
volving  simple  heating,  cold  techniques  in¬ 
volving  molecular  bonding  of  metals,  rsslstinoi 
hasting,  or  RF  heating.  Since  the  transistor 
elements  are  sensitive  to  fluxes,  no  fluxes  will 
be  used  in  any  of  the  seeling  approaches.  With 
tne  use  of  s  cold  swaging  seal  using  indium 
solders,  additional  mechanical  strength  can  be 


achieved  ty  injecting  a  plastic  having  the  same 
thermal  expansion  coefficient  into  the  apace 
between  the  wafers,  but  external  to  the  seal. 

If  resistance  heating  is  used,  the  unused 
portion  of  the  wafer  will  serve  for  electrical 
contacts,  and  direct  heating  will  melt  the 
solder.  An  alternative  approach  ia  to  have  many 
holes  in  the  wafer  to  achieve  contact  resistance 
soldering. 

In  connection  with  these  methods,  work  is 
in  progress  on  oeremic-to-mstal  and  motal-to- 
mstal  bonding  using  various  metallising  com¬ 
pounds. 

Other  possibilities  for  hermetic  sealing 
include  a  aolded-ln  eontant  point  for  either 
mtitter  or  colleotor  connection,  or  deformation 
of  an  indium  or  solder-filled  insert  making 
contact  with  a  resln-soated  shaved  dot.  An 
alternative  procedure  is  to  fill  the  hole  with 
solder,  making  contact  to  the  shaved  dot.  The 
third  approach  ia  to  utilise  a  metal  shell  in¬ 
sert  for  solder  filling.  Still  another  method 
is  to  use  sapper  tubing  soldered  to  the  main 
seal  and  brought  through  holes  in  one  of  the 
imfera.  The  mstal-to-osramio  bond  has  been 
evaluated  and  found  to  be  henutlo  (sen  Figure 
5). 

Final  Samples.  The  final  samples  will  un¬ 
doubtedly  be  developments  of  prototype  samples. 

MICRODIODE  PROGRAM: 

The  miorodiode  program  is  also  in  three 
phases.  The  preliminary  samples  phase  consists 
of  remounting  availabla  diodes  in  wafers.  Glass 
silicon  diode  envelopes  are  fractured,  and  a  .001 
inch  diameter  copper  lead  ie  welded  to  the  alumi¬ 
num  stud.  For  germanium  diodes,  a  small  hole  is 
cut  into  the  glass  envelope,  and  an  epoxy  resin 
is  placed  at  the  wire-to-germaniun  surface  for 
mechanical  rigidity. 

Prototype  samples  of  hermetically  sealed 
miorodiodes  will  be  worked  on  by  subcontractors) 
therefore,  no  Information  is  availabla  regarding 
teohniques  other  than  those  used  in  the  transis¬ 
tor  effort. 

CONCLUSIONS  AND  RECOMMENDATIONS: 

The  semiconductor  micromodule  program  shows 
great  promise  for  achieving  workable  devices  in  a 
new  form  factor.  Consideration  should  be  given 
to  utilizing  the  hermetically  sealed  semiconductor 
wafer  configuration  or  package  as  separate  or  dis¬ 
crete  devices  outside  of  a  stacked  micromodule . 
This  would  require  the  attachment  of  terminal 
laads. 

The  successful  completion  of  the  repeckaging 
phase  of  the  program  will  represent  a  major  ad¬ 
vance  in  saoicond  actor  electronics. 
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figure  1.  -  Micro translator,  Preliminary  Sample,  Group  c 


metal  sol der  to  mate 
with  upper  half 


figure  2.  -  Plastio  Sealed  Modulo  Samples 


figure  3.  -  Experimental  Translate!  Hermetio 
Seal 
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figure  1,.  -  Construotlon  Items  For  Kermetlo 
Sealing 


Figure  5.  -  Hermetic  Seal  Teat  ot  Bonding 
to  Subetrate 
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Donald  t.  Sealer 

Ficatinny  .irsonfll,  Dover,  New  Jersey 

A  minimum  effort  has  been  expended  on  the  development  of  miniaturized  detonators. 
Work  has  not  progressed  rapidly  in  this  field  because  definite  requirements,  which 
are  now  essential  before  development  of  a  specific  initiator  can  be  startnd,  were 
lacking. 

Under  the  project  "Supporting  Research  for  Fuzes"  a  series  of  detonators  having 
a  diameter  of  0.147  inch  is  being  developed.  These  detonators  were  to  be  developed 
with  the  thought  in  mind  to  save  space  or  provide  a  way  for  the  fuze  designer  to 
produce  a  more  versatile  fuze  utilizin’  essentially  the  same  space. 

In  the  miniature  (. 147-inch  diameter)  detonator  series  development  has  been  com¬ 
pleted  on  the  carbon  bridge  detonators  of  wire  lead  and  "button'1  lead  types.  Further 
developments  in  this  miniature  detonator  series  will  include  spark  gap  and  wire 
bridge  type  detonators. 


In  the  paper  entitled  "Explosive  Traine  for 
Miniature  Electric  Initiators",  discussion  was 
centered  around  the  physical  limits  of  propaga¬ 
tion  of  the  detonation  wave  of  explosive  trains. 
It  car  be  stated  that,  from  the  point  of  view  of 
the  initiator  design,  these  lower  limits  of 
design  have  not  yet  been  reached,  especially  the 
limits  on  diameter.  This  is  true  principally 
because  the  requirements  for  the  smaller 
initiators  have  not  been  made  known.  At  present, 
the  smallest  electric  detonators  developed  by 
the  Ordnance  CorpB  is  a  family  of  four  0.147- 
inch  diameter  detonators.  These  detonators,  for 
lack  of  specific  requirements,  were  not 
developed  for  any  one  particular  fuze  applica¬ 
tion  but  were  designed,  baaed  on  the  boat  judg¬ 
ment  of  what  the  initiator  designer  thought  the 
fuze  designer  might  require  In  the  way  of  a 
smaller  detonator. 

These  0. 147-inch  diameter  detonators,  which 
are  designated  as  the  T6c,  T61,  T62  and  T63 
electric  detonators  (Kef  1,  2  and  3)  all  utilize 
the  so-called  "carbon  bridge"  as  the  transducer 
of  electrical  energy  into  a  form  of  energy 
required  for  the  initiation  of  primary  high 
explosives . 

The  explosive  train  of  the  T60  and  T62 
detonators  consists  of  a  spot,  intermediate  and 
base  charges  of  colloidal  lead  azide,  lead  azide 
and  SOX,  respectively.  The  explosive  train  of 
the  T61  and  T63  detonators  is  identical  to  that 
of  the  T60  and  T62  except  the  colloidal  lead 
azide  used  as  the  spot  charge  Is  replaced  with 
milled  lead  styphnate.  This  change  renders  the 
detonator  somewhat  more  sensitive  but  increased 
their  functioning  time. 

All  four  detonators  are  housed  in  stainless 
steel  cups  approximately  0.006  inch  thick.  The 
T60  and  T61  detonators  are  wire  lead  types 
utilizing  a  Bakellte  plug  to  hold  the  wires, 
whereas  the  T62  and  T63  detonators  have  the  so- 
called  "button"  type  contact.  The  length  of 
these  detonators,  excluding  the  wire  and  button 
contacts  is  0.342  -  ,010  Inch.  The  resistance 
of  the  bridge  circuits  ranges  from  1,000  to 
10,000  ohms.  The  functioning  characteristics 
of  these  detonators  are  as  follows: 


Function  Time 


Functioning  Level 
Electric  Capacitor  Discharge 
Detonator  Microfarad  Volts  irge 


Requirement 
less  than, 
microseconds 


T60 

.0C22 

300 

1000 

5 

T61 

.004 

100 

300 

.021 

65 

450 

50 

T62 

.0022 

300 

1000 

5 

T63 

.004 

100 

300 

.021 

65 

450 

50 

Each  of  these  detonators  13  capable  of  initiat¬ 
ing  an  RDX  lead  high  order  acroee  an  air  gap  of 
0.090  inch. 

Detailed  information  on  the  development  of 
the  T60  and  T61  electric  detonators  can  be 
found  in  Ref  4. 

As  mentioned  above,  each  of  the  detonators 
just  discussed  is  assembled  with  a  carbon  bridge. 
During  the  pa3t  10  years  considerable  amount  of 
work  has  been  conducted  in  studying  the 
mechanism  through  which  such  a  bridge  initiates 
an  explosive  material.  As  a  result  of  work 
conducted  principally  through  contracts  of 
Ref  5,  a  much  better  understanding  of  the  carbon 
bridge  has  been  xado  available. 

It  ie  believed  that  the  mechanism  of  the 
bridge  as  applied  in  initiating  explosives  is 
two- fold  depending  principally  upon  the 
characteristics  of  the  functioning  energy} 
more  specifically,  on  the  magnitude  of  the 
voltage  used.  At  relatively  low  voltages,  the 
bridge  reacts  similarly  to  a  carbon  resistor 
in  that  it  dissipates  the  electrical  energy  into 
heat  energy  in  accordance  with  Joules  law,  rut. 
At  relatively  high  voltages,  however,  it  is 
postulated  that  conductive  paths  through  the 
bridge  are  heated  to  such  an  extent  that  the 
negative  temperature  coefficient  of  resistivity 
of  graphite  becomes  apparent.  As  a  result 
the  bridge  becomes  hotter  and  hotter  finally 
resulting  in  the  production  of  an  ionized  path 
with  subsenuer.t  arcing.  The  production  of  the 
arc  coincides  with  t  e  initiation  of  the 
explosives.  Details  of  this  work  is  included  in 
reports  of  the  contracts  of  Ref  5. 
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During  the  past  two  years,  a  limited  amount 
of  work  has  bean  conducted  in  the  study  of 
"printed  circuit"  bridges.  These  bridges  are 
made  in  a  manner  similar  to  those  used  to  lay 
down  resistors  in  the  conventional  printed  cir¬ 
cuit  practice.  Results  of  preliminary  work  indi¬ 
cates  that  such  bridges  can  be  used  in  the  design 
of  electric  initiators.  Through  the  use  of  such 
techniques  and  materials  presently  available, 
it  is  visualized  that  a  bridge  of  an  initiator 
can  be  developed  with  almost  any  resistance 
characteristics  (both  static  and  dynamic)  to 
match  any  power  source  with  any  desired 
eensitivity  level. 

In  line  with  the  work  being  conducted 
towards  miniaturization  of  fuze  components, 
there  is  no  overwhelming  reason  why  we  cannot 
expect  to  utilize  printed  circuit  techniques  in 
the  application  of  fuze  explosive  components. 

Of  course,  due  to  the  hazardous  nature  of 
explosive  materials  (especially  when  assembled 
as  a  fuze  component ) ,  certain  precautions  will 
have  to  be  taken. 

Some  work  has  already  been  conducted  in 
providing  multi-purpose  detonators.  While  this 
may  not  reduce  the  size  of  present  day  fuzes, 
it  will  enable  the  fuze  designer  to  produce  a 
more  versatile  fuze  of  the  same  size.  Two  such 
detonators,  under  development,  are  the  T29  and 
T48.  These  detonators  can  be  initiated  directly 


by  either  mechanical  or  electrical  energy.  The 
intermediate  and  base  charges  of  these  detona¬ 
tors  are  common  to  both  initiating  systems.  The 
maximum  diameters  of  the  T29  and  T 48  detonators 
are  0.241  and  0.192  inch,  respectively.  Further 
consideration  for  the  design  of  multi-purpose 
detonators,  including  delay  components,  is 
under  consideration. 
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ANTENNA  MINIATURIZATION 


John  A.  Seeger,  Robert  1.  Hamson,  Andrew  W.  Walters 
Naval  Ordnance  Laboratory,  Corona,  California 

The  reduction  of  the  resonant  length  of  linear  antennas  by  various  loading 
methods  is  described.  It  is  shown  how  folding  may  be  used  to  Improve  the  impedance 
and  bandwidth  characteristics  of  loaded  antennas.  Methods  of  reducing  the  sice  of 
slot  antenna  systems  are  also  considered. 


One  of  the  more  important  problems  confronting 
the  designer  of  antennas  for  military  applications 
is  that  of  finding  sufficient  space  for  efficient 
radiating  and  receiving  systems.  The  problem  is 
particularly  acute  aboard  ship,  on  aircraft,  and 
on  mt88ilos.  One  phase  in  the  solution  of  this 
problem  is  the  investigation  of  methods  of  reduc¬ 
ing  the  physical  size  of  an  antenna  system  with¬ 
out  seriously  degrading  the  electrical  character¬ 
istics. 

Let  us  first  consider  methods  of  miniaturisation 
of  the  dipole  (or  monopole)  type  of  antenna.  The 
classical  methods  of  reducing  the  length  of  linear 
antennas  has  been  either  inductive  or  capacitive 
loading.  Capacitive  loading  is  accomplished  by 
placing  a  conducting  surface  at  the  extremity  of 
the  radiating  element.  When  a  large  degree  of 
loading  is  desired,  the  resulting  configuration  is 
generally  so  ungainly  that  its  use  is  limited  to  a 
few  special  applications.  Inductively  loaded  an¬ 
tennas  are,  in  general,  more  compact,  since  loading 
is  accomplished  by  placing  a  solenoidal  coil  in 
series  with  the  radiating  elements.  Inductive 
loading  of. the  monopole  was  Investigated  experi¬ 
mentally.  *  }  Several  test  monopoles  between 
0.0657\  and  0.171A  were  loaded  to  resonate  at 
100  +  l  me . 


Figure  1.  Standard  monopole  and  0.0727.  test 
monopole. 


Figure  2.  Resistance  at  resonance  vs  antenna 
height  for  series  of  inductively-loaded  monopoles. 


An  unloaded  monopole,  .228A  high,  was  used  as  a 
standard  of  comparison.  The  unloaded  monopole  and 
one  ,072a  in  length  are  shown  in  Figure  l.  Meas¬ 
urements  show  that  as  the  antenna  is  successively 
shortened,  the  radiation  and  bandwidth  are  reduced. 
In  Figure  2,  Curve  A  shows  the  radiation  resistance 
of  the  antenna  as  a  function  of  the  antenna  height 
in  wavelengths.  Also  shown  is  the  resistance  of 
shortened  unloaded  antennas  and,  for  comparison, 
the  radiation  resistance  of  similar  capacitively 
loaded  monopoles  .plotted  from  data  published  by 
Raymond  and  Webb  It  can  be  seen  that  for 

heights  less  than  0.16X,  the  loaded  antenna,  be¬ 
sides  being  resonant,  has  more  than  twice  the  re¬ 
sistance  of  its  unloaded  counterpart. 

There  will  be  power  dissipated  in  the  windings 
of  the  inductor.  This  power  loss,  along  with  the 
decrease  of  bandwidth  and  resonant  radiation  re¬ 
sistance,  limits  the  extent  to  which  inductive 
loading  can  be  employed  In  shortening  the  antenna. 
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Figure  3.  Relative  power  dissipated  in  loading 
coil  vs  antenna  height  for  series  of  inductively- 
loaded  monopoles. 


The  position  of  the  coil  affects  to  some  degree 
power  dissipation  and  radiation  resistance.  It 
was  found  that  coll  losses  were  minimum  when  the 
distance  from  the  top  of  the  antenna  to  the  lowest 
terminal  of  the  inductor  is  about  one-third  the 
total  height  of  the  antenna.  The  amount  of  power 
dissipated  in  the  loading  colls  of  the  shortened 
antennas  was  determined  by  comparison  of  their 
power  radiated  with  chat  of  the  unloaded  standard. 
The  results  are  shown  in  Figure  3.  The  -065A 
loaded  antenna  radiates  about  807.  of  the  power  fed 
it,  which  is  satisfactory  for  most  practical  appli¬ 
cations. 

The  impedance  and  bandwidth  of  an  antenna  may  be 
increased  by  folding,  i.e.,  placing  one  or  more 
elements  in  parallel  with  the  driven  element. 

Figure  4  shows  a^dlagrnm  of  an  inductively  loaded, 
folded  monopole1  '.  By  varying  the  ratio  of  D^/D  , 
the  diameter  of  the  folded  element  to  the  driven 
element,  a  range  of  radiation  resistances  is  avail¬ 
able.  For  example,  the  resonant  resistance  of  an 
antenna  .072X  long,  which  was  tested,  had  a  range 
of  resonant  radiation  resistance  of  from  20  to 
several  hundred  ohms. 

The  capacitlvely  loaded  monopole,  although  re¬ 
quiring  more  space,  has  the  advantages  of  no  coll 
loss  and  better  bandwidth.  Figure  5  shows  a  typ¬ 
ical  capacitlvely  loaded,  folded  monopole.  B.  W. 
Seeley  has  reported  that  it  is  possible  to  build 
efficient  antennas  of  this  type  with  a  length  of 
only  .03X  with  a  resonant  resistance  of  SO  ohms 
and  half-power  bandwidth  of  87,  .  A  practical 

form  of  the  capacitlvely  loaded  monopole  at  low 
frequencies  is  the  guy  wire-loaded,  folded  mono¬ 
pole  pictured  in  Figure  6.  The  antenna  pictured 


has  a  radiation  resistance  of  47  ohms  at  11  me. 
although  its  height  is  less  than  . 10A.  This  type 
of  antenna  has  application  aboard  ship  and  at  air 
stations  where  large  vertical  structures  are  pro¬ 
hibitive.  For  example,  the  main  mast  of  a  destroy, 
er  could  be  used  as  part  of  such  a  system,  produc¬ 
ing  an  antenna  system  resonating  at  about  1  MC. 


Figure  4.  Inductively  loaded,  single-folded 
monopole. 


Figure  5.  Capacitlvely  loaded,  folded  monopole. 


(g) 
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Height  -  8.66  ft 

Diameter  of  grounded  conductor  -  1.0  in 
Diameter  of  feed  conductor  -  0.156  in 
Resonant  frequency  with  3  guy  wires  -  1A.15  me 
Resonant  frequency  with  6  guy  vires  -  11.82  me 
Resonant  frequency  with  6  guy  wires 
and  skirt  Joining  guy  wires  3.5  ft 
down  from  the  top  -  9.2  me 


Figure  6.  Guy-wire- loaded ,  folded  antenna. 


In  addition  to  Inductive  or  capacitive  loading, 
it  is  also  possible  to  decrease  the  resonant  length 
of  an  antenna  by  surrounding  it  with  a  dielectric 
sheath''  .  This,  too,  will  reduce  the  radiation 
resistance  by  an  amount  proportional  to  the  degree 
of  loading.  There  will  also  be  power  losses  due 
to  the  dielectric. 

Ferromagnetic  materials  may  be  similarly  used. 
Figure  7  shows  experimental  monopoles  used  to  test 
ferromagnetic  loading'  Models  1  and  2  in  this 
figure  were  loaded  with  a  cylinder  of  ferromagnetic 
material  around  the  metal  radiator.  Model  2  also 
had  ferromagnetic  blocks  stacked  around  the  base 
which  provided  additional  loading.  The  effects  of 
loading  are  shown  in  Figure  8.  It  can  be  seen  that 
the  resonant  frequency  is  lowered  by  107.  and  207,  in 
the  two  models  and  that  radiation  resistance  is 
slightly  lowered.  Ferromagnetic  loading  has  been 
found  to  be  particularly  effective  used  with  loop 
antennas. 

The  slot  antenna  has  application  in  flush  mount¬ 
ed  systems  of  missiles  and  aircraft.  Here  reduc¬ 
tion  in  siae  is  very  important.  The  reduction  of 
slot  antenna  systems  can  be  approached  in  two  ways: 

1)  shortening  the  slot  length  by  loading,  and 

2)  reduction  of  the  cross-section  or  volume  of  the 
transmission  line  or  cavity  associated  with  the  slot. 

Let  us  first  consider  reducing  the  slot  length- 
The  simple  slot  is  operated  at  resonance  where  it 
is  physically  one-half  wavelength.  Methods  of  re¬ 
ducing  the  length  of  the  slot  antertna  and  making 
compensating  changes  in  the  electrical  character¬ 
istics  are  suggested  by  considering  methods  which 
have  been  used  with  linear  antennas. 


M2TALUC  CONDUCTORS 


Figure.  7.  A  standard  monopole  and  two  ferro- 
magneticall y  loaded  monopoles. 


Figure  8.  Resistance  and  reactance  v*  frequency 
for  two  ferromagnetlcal  ly  loaded  monopoly  an] 
unloaded  standard  monopole. 
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A  method  which  has  be*p  used  to  load  the  slot  la 
to  deform  the  slot  to  a  dumbell  shape  shown  in 
Figure  9.  The  length  L  tor  a  particular  frequency 
is  shortened  as  a  the  diameter  of  the  end  circles 
is  increased  and  b  the  >;ap  distance  is  decreased. 

A  dielectric  cover  used  in  practical  applications 
also  loadB  the  slot  and  shortens  its  electrical 
length.  The  amount  of  nhortening  depends  on  the 
dielectric  constant  and  the  thickness  of  the  cover. 
Similarly  ferrites  may  be  used  to  load  and  shorten 
the  length  of  the  Blot. 


Figure  9.  Dumbell  shaped  slot. 

Folding  may  be  accomplished  by  cutting  a  slot 
parallel  to  the  driven  slot  and  connecting  them  at 
the  ends.  Folding  will,  in  general,  decrease  the 
radiation  resistance  and  can  be  used  for  matching 
purposes.  Experimental  investigations  have  been 
r-ade  at  NOLC  to  determine  the  possibilities  of 
loading  and  folding  methodo  applied  to  slot  anten¬ 
nas^  '.  A  slot  was  cut  in  a  sheet  of  copper-clad. 
Teflon-impregnated  fiberglass.  Figure  10a.  This 
was  mounted  in  a  copper  ground  plane  and  fed  at  the 
center  with  a  50  ohm  transmission  line.  Impedance 
measurements  were  made  ta  determine  resonant  fre¬ 
quency  and  radiation  resistance.  The  90%  and  50% 
power  bandwidtha  were  found  by  means  of  the  Smith 
Chart.  The  simple  slot  was  resonant  at  .4  wave¬ 
length  due  to  the  loading  of  the  dielectric.  The 
50%  and  90%  power  bandwidths  were  32%  and  12%  re¬ 
spectively.  The  slot  was  deformed  to  the  dumbell 
shape  keeping  the  physical  length  the  same, 

Figure  10b.  The  resonant  length  was  reduced  to 
about  .24  wavelength  which  is  a  reduction  of  over 
50%  from  the  1/2  wavelength  of  an  unloaded  slot; 
however,  the  90%  power  bandwidth  was  reduced  to 
57.  and  the  radiation  resistance  Increased  to 
2000  ohms,  too  high  for  good  matching.  Next, 
folding  was  tried.  Figure  10c.  For  a  folding 
slot  of  the  same  width  as  the  driven  slot,  the 
507.  and  90%  power  bandwidths  were  increased  to 
607.  and  1*7.,  i.e.,  greater  than  the  simple  slot. 
Resonant  resistance  was  300  ohms  and  30  ohms  at 
first  and  eecond  resonances.  Variation  of  the 
ratio  W-/W  ,  the  folded  Slot  width  to  the  driven 
slot  width;  gives  a  range  of  values  for  the  rad¬ 
iation  resistance  as  shown  in  Figure  11,  making 
efficient  matching  possible.  Varying  the  ratio 
W./W  has  relatively  little  effect  on  the  band¬ 
width  or  resonant  length  of  the  slot.  Loading 
and  folding  does  not  seem  to  have  too  great  an 
effect  on  the  radiation  pattern.  A  check  was  made 
on  the  polarization.  The  maximum  E  field  was  per¬ 
pendicular  to  the  loaded  folded  slot,  with  The 
cross  polarization  down  30  db. 
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Figure  10.  Slot  configurations. 


Figure  11.  Rasonant  resistance  vs  folded  slot 
width. 

The  slot  antenna  being  somewhat  comparable  to  an 
elongated  loop  would  seem  to  offer  good  possibilit¬ 
ies  for  ferrite  loading.  Some  experimental  Inves¬ 
tigation  has  been  carried  out  at  NOLC  using  ferrites 
to  load  slotsC3).  The  commercially  available  IRN-8 
and  IRN-9  ferritfeu  were  used.  Strips  were  cut  to 
be  inserted  in  the  slot.  The  slot  was  fed  at  the 
center  and  impedances  plotted  by  the  standing  wave 
method.  The  loading  reduced  Lhe  resonant  length 
of  the  slot  by  39%  atd  437.  for  the  ferrites  used. 
Radiation  resistance  increased  from  3200  tc  495q 
and  5450.  Bandwidth  was  reduced  from  9.47.  to 
3.97.  and  3.3%. 


Ro,  ohms 
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Aa  waa  stated  before,  a  slot  antenna  system  may 
be  reduced  in  size  by  decreasing  the  volume  or 
croas-section  of  the  associated  cavity  or  trans¬ 
mission  line  used  in  practical  applications.  The 
cavity  does  not  need  to  be  resonant  at  the  same 
frequency  as  the  slot,  so  this  does  not  restrict 
the  size  of  the  cavity.  However,  the  cavity  pre¬ 
sents  a  parallel  reactance  to  that  of  the  slot, 
the  value  of  which  depends  on  the  cavity  dimen¬ 
sions.  Therefore,  a  reduction  in  cavity  size 
could  affect  the  resonant  length  of  the  slot.  It 
has  been  reported  that  this  effect  is  negligible 
if  the  cavity  la  about  deep.  If  the  cavity 
depth  is  reduced  to  less  chan  this  the  slot  will 
be  loaded  so  as  to  increase  its  resonant  length. 


Figure  12.  Longitudinal  shunt  slot  in  ridge 
waveguide. 


There  are  two  ways  which  have  proved  satisfac¬ 
tory  In  miniaturization  of  the  transmission  line 
section;  these  are  use  of  TEM  line  and  the  use  of 
ridge  waveguide.  It  has  been  shown  that  the 
series  Inclined  slot  can  be  used  in  TEM  guide  and 
the  associated  volume  reduction  as  compared  with 
the  standard  TEg, -mode  guide  is  as  much  aa  100^- 
Figure  12  shows  ft  ridge  section  using  X-band  wave¬ 
guide.  at  C-bend  with  the  resonant  length  plotted 
as  a  function  of  the  slot  offset.  The  maximum 
reduction  in  volume  of  the  cavity  has  been  10  for 
this  configuration. 

In  summuty,  it  can  be  9tated  that  it  is  possible 
to  considerably  reduce  the  resonant  length  of 
linear  antennas  without  seriously  degrading  their 
electrical  characteristics  by  various  loading  and 
methods  used  In  conjunction  with  folding.  An 
example  given,  a  capacitlvely  loaded,  folded 
monopole,  had  a  length  of  only  .03  wavelength 
with  satisfactory  electrical  characteristics. 

The  length  of  the  slot  antenna  may  be  shortened 
using  loading  methods  similar  to  those  used  for 
linear  antennas  and  a  cavity  behind  a  slot  may  be 
reduced  in  size,  but  for  depths  less  than  It 
will  load  the  clot  ce  as  to  increase  the  resonant 
wavelength.  Use  of  TEK  line  or  ridge  waveguide 
permLts  a  reduction  in  volume  of  the  feed  line. 


REFERENCES 

(1)  A.  W.  Walters,  et  al.,  "Small  Antenna 
Study,"  N0LC  Report  184,  Quarterly  Report: 
Foundational  Research  Project,  Jan-Mar  1954. 

(2)  R.  C.  Raymond  and  W.  Webb,  "Radiation 
Resistance  of  Loaded  Antennas,"  J.  Appl .  Ptfya., 
Vol  ?0,  p  32S  (1949). 

(3;  A.  W.  Walters,  et  al.,  "Small  Antenna 
Study,"  N0LC  Report  304,  Annual  Report: 
Foundational  Research  Projects,  1955. 

(4)  E.  W.  Seeley,  J.  D.  Bums  and  K.  W. 
Walton,  "Cap  Loaded,  Folded  Antenna,"  IRE 
National  Convention  Record.  Part  1,  p  133,  1958 

(5)  R.  L.‘  Hamson  and  E.  W.  Seeley,  "Small 
Antenna  Study,"  N0LC  Report  384,  Quarterly 
Report:  Foundational  Research  Projects, 
April-June,  1957. 

(6)  G.  A.  Scharp,  et  al.,  "Small  Antenna 
Study,"  N0LC  Report  321,  Quarterly  Report: 
Foundational  Research  Projects.  Jul-Sep  1955. 


SURVEY  OF  EQUIPMENT  ADAPTABLE  TO  raCRa-DBOATUHE  CIRCUIT  TECHNOLOGY 


John  E.  Sensl* 

Diamond  Otdnanos  Fuse  Laboratories,  Washington  25,  D.  C. 

Bocauue  of  the  small  physical  size  and  delioate  nature  of  the  corporvsnt  parts 
in  rd.ci-ominiaturo  circuit  assemblies,  speoial  problome  will  arise  in  processing 
and  orienting  each  element  in  the  circuit  during  assombly  operations.  Elements 
to  be  considered  include  dielectrio  base  plates,  conductors,  resistors,  capacitors, 
transistors,  diodes,  induotors,  and  protective  coatings. 

Oils  paper  presents  several  modes  of  handling  each  of  the  above  oloirents.  The 
equipnont  described  is  either  currently  being  ueod  for  fabricating  microminiature 
eleotronio  olrouit  units  or  is  currently  being  used  for  fabricating  larger 
assemblies  but  appears  to  be  adaptable  to  microminiature  assemblies.  Both  hand 
and  automatlo  equipment  are  considered. 


INTRODUCTION 

In  recent  times  there  is  an  increasing  demand 
for  greater  versatility  in  military  electronic 
devices  and  hence  for  more  complex  circuitry 
with  an  accompanying  greater  bulkW*w.  Micro¬ 
miniature  circuits  permit  the  use  of  electronic 
assemblies  that  otherwise  would  be  too  large  to 
incorporate  in  missilee  and  satellites.  Circuit 
assemblies  having  component  densities  of  over 
two  thousand  components  per  cubic  inch  are  con¬ 
sidered  microminiature  for  the  purposes  of  this 
paper. 

It  is  encouraging  to  hear  of  the  strides 
which  are  being  made  in  the  microminiaturization 
of  electronic  assemblies  by  hand  methods  in  the 
laboratories.  This  is  a  necessary  first  step, 
but  in  order  to  fully  realize  the  military  and 
civilian  potential  of  microminiaturized  devices, 
optimum  means  of  producing  these  devices  in 
large  quantities  are  necessary.  For  maximum 
coving  of  space,  each  component  or  tne  circuit 
is  placed  in  a  module  without  any  individual 
casing(o),(4),(5)  or  other  protective  element 
and  is  dependent  on  the  protection  afforded  by 
the  final  circuit  package .  Each  element  of  the 
circuit  is,  therefore,  small  in  physical  size 
and  extremely  delicate  in  nature.  Due  to  the 
Bmall  dimensions  of  each  element,  extreme  pre¬ 
cision  must  be  employed  in  placing  each  compo¬ 
nent  in  its  proper  position  in  the  circuit  since 
only  a  minute  misalignment  of  any  element  may 
cause  an  improper  contact  with  the  reBt  of  the 
circuit  elements.  At  the  present  time,  micro¬ 
miniature  modules  are  being  assembled  by  tedious 
hand  methods.  By  mechanization,  these  units  can 
be  produced  more  efficiently  and  with  Increased 
reliability^ 6)  eince  the  error  due  to  the  human 
element  would  be  minimized.  In  this  paper, 
equipment  adaptable  to  the  assembling  of  micro¬ 
miniature  circuit  assemblies  will  be  discussed. 

Several  types  of  elements  that  must  be 
handled  in  the  fabrication  of  a  microminiature 
electronic  circuit  are  as  follows: 

1.  Dielectric  baBe  plates 

0.  Conductors 

3.  Resistors 

4.  Capacitors 

5.  Transistors  and  diodes 

6 .  Inductors 

7 .  Protective  coatings 


•Present  address;  Glass  Research  Center, 
Pittsburgh  Plate  Glass  Company. 


Each  element  will  be  discussed  ne  to  *  ype, 
general  phyaical  characteristics,  status  of  the 
art  in  handling  the  component,  and  equipment 
that  could  be  adapted  to  handling  the  component 
in  production.  Figure  1  illustrates  a  micro¬ 
miniature  circuit  assembly  and  also  the  indivi¬ 
dual  components  used  in  the  circuit . 


Figure  i.  Lower  right,  a  microminiature  elec¬ 
tronic  module  which  will  permit  a  component 
density  of  2800  components  per  cubic  inch; 
upper  left,  the  baee-plate  wafer  with  con¬ 
ductors  and  resistors  printed  on  it;  lower 
left,  top  to  bottom,  a  transistor,  a  diode, 
and  a  capacitor  -  for  insertion  in  the  holes 
in  the  base  plate. 


1.  Dielectric  base  plates 

In  a  sense  the  base  plate  is  the  nucleus  of 
a  microminiature  electronic  unit;  it  is  essen¬ 
tially  the  matrix.  The  base  plate  is  a  thin 
wafer  of  dielectric  material  and  upon  it  are 
attached  aij  Die  components  of  the  circuit.  In 
an  effort  to  miniaturi ze,  the  physical  dimen¬ 
sions  of  the  base  plate  are  kept  so  small  that 


it  ir.  itself  is  fragile,  but  the  finished  unit 
becomes  rugged  because  of  the  addition  of  a 
protective  coating  and  the  arrangement  of  the 
components  on  the  base  plate.  At  the  Diamond 
Ordnance  Fuze  Laboratories,  an  electrical  grade 
of  steatite  is  uned  for  this  vafer  which  is 
usually  twenty  thousandths  of  an  inch  thick  and 
either  onc-half  inch  square  or  one-quarter  inch 
square.  Holes  are  placed  in  the  wafer  to  re¬ 
ceive  the  transistors  and  diodes,  and  cavities 
are  made  for  capacitors.  The  fragile  wafers 
are  at  present  handled  by  hand  methods  with  the 
aid  of  tweezers  and  micromanipulators.  In 
mechanizing  the  assembly-operation  of  micro¬ 
miniature  electronic  circuits,  one  of  the  most 
formidable  problems  is  the  handling  am  index¬ 
ing  of  these  wafers  without  damage  during  the 
successive  operations  involved  in  producing  a 
finished  unit.  The  operation  to  be  performed 
on  the  wafer  is  an  important  factor  in  the 
selection  of  a  mechanism  for  conveying  and 
positioning  the  wafers.  Because  of  this, 
detailed  descriptions  of  handling  and  holding 
devices  for  the  wafers  will  be  given  In  Iho 
sections  which  deal  with  the  attachment  of  the 
particular  components  to  the  circuit,  rather 
than  in  this  section. 

Certain  phases  of  the  handling  are,  however, 
basic  and  can  be  applied  generally  to  all 
operations,  for  example,  the  feeding  of  the 
wafer  to  the  conveyor  before  processing  and  the 
removal  of  the  wafer  from  the  conveyor  after 
processing.  The  conveying  device  for  all 
operations  coaid  be  either  some  type  of  er-dleBs 
belt  or  an  indexing  rotary  r.nble.  Fig.  2  J.s  an 


Figure  2.  Carrier  assembly  for  conveying  and 
indexing  wafers,  showing  spring  that  holds 
indexing  block  in  raised  position. 


illustration  of  a  conveyor  carrier  assembly  that 
could  be  used  with  either  of  these  conveying 
devices.  The  wafer  is  dropped  into  the  carrier 
neat  and  is  hence  oriented  with  the  indexing 
cones  that  orient  the  printing  head  with  the 
vafer.  The  wafers  can  be  picked  up  from  a 
stack  and  placed  on  the  conveyor  carrier 
by  an  arm  with  a  vacuum  finger  (Figure  3).  If 
there  is  any  particular  desired  orientation  for 
the  wafers,  they  should  be  put  ir.  the  stack 
oriented.  Vacuum  could  also  be  used  to  nold  the 
wafer  ou  the  conveyor  before,  during,  and  after 
the  particular  operation.  Because  the  wafer  is 
very  light  in  weight,  the  vacuum  technique  is 


particularly  adaptable  in  '.hat  a  relatively  low 
vacuum  applied  to  a  small  area  will  be  able  to 
support  the  weight  of  the  plate. 


Figure  3.  Vacuum- finger-type  mechanism  for 
feeding  dielectric  wafers  from  a  stack  to  a 
conveyor . 

A  vacuum  arm  may  nuL  uc  pr&CtiC&j.  fits  a  taKG- 
off  mechanism  for  a  wet  printed  wafer  because 
the  vacuum  finger  would  smear  the  wet  pattern 
on  the  top  of  the  plate.  A  device  which  would 
appear  suitable  for  the  removal  of  the  wafer 
from  the  conveyor  is  an  arm  with  a  tweezer-type 
end.  Figure  4-.  This  arm  would  pick  up  the 
wafers  by  their  edges  and  place  them  on  the 
conveyor  that  will  carry  them  to  the  next  opera¬ 
tion. 


Figure  4.  Tweezer- type- arm  for  feeding  or 
removing  wafers  to  or  from  a  conveyor. 

A  straight  pusher- type  cf  take-off  mechanism, 
where  a  finger  pushes  the  wafer  off  the  conveyor 
and  onto  some  horizontally  moving  receiving  de¬ 
vice,  can  also  be  employed.  Another  type  of 
take-off  mechanism  can  he  used  where  the  carrier 
is  made  so  that  at  the  take-off  position  a  mem¬ 
ber  of  the  carrier  assembly  raises  the  wafer 
vertically;  a  fork-like  finger  con  then  pick  up 
the  wafer  and  transfer  it  to  a  position  over  a 
second  conveyor  where  the  wafer  is  displaced  on¬ 
to  the  conveyor  by  a  pusher  in  the  fork  arm 
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mechanism,  Figure  5. 


Figure  5.  Fork-type  arm  for  transferring 
printed  wafer. 


P. 

In  a  microminiature  electronic  circuit  with 
component  densities  in  excess  of  two  thousand 
per  cubic  inch,  the  conductors,  except  for 
terminal  leads,  arc  usually  of  the  deposited 
metal  type.  The  conductor  patterns  can  be  de¬ 
posited  on  a  dielectric  material  by  screen 
printing,  spraying,  or  vacuum  deposition.  Term¬ 
inal  leads  are  attached  to  the  unit  by  soldering 
or  by  conductive  cements. 

Hand  operated  equipment  is  currently  being 
used  for  screen  printing  conductive  patterns  on¬ 
to  dielectric  circuits.  Screen  printing  has 
been  carried  out  for  many  years! 'J.  Automatic 
machinery  for  screen  printing  is  currently  avail¬ 
able  for  large  plateB  and  appears  to  be  adapLah'a 
to  small  waferu.  Here  the  problem  is  not  so 
much  In  the  printing  operation  itself  as  in  the 
feeding,  conveying,  indexing,  hoidlng  and  take¬ 
off  of  the  fragile  wafer. 

An  example  of  an  automatic  high-speed  screen 
printing  machine  is  shown  in  Figure  0.  Tills 
machine  is  capable  of  printing  conductive 


figure  o.  icp  view  of  screen  p.-ir.tir.g  machine 
showing  (right  to  left):  feed,  conveying,  print¬ 
ing  head,  and  take-off  mechanisms. 


patterns  on  dielectric  plates  at  rates  of  six 
thousand  plates  per  hour.  The  dimensions  of  the 
plates  currently  printed  on  this  machine  are  one 
inch  wide,  one  and  one-quarter  inch  long  and  one 
tenth  of  an  inch  thick.  This  machine  appears  to 
be  adaptable  to  printing  the  microminiature 
wafer.  The  printing  head  of  this  machine  vculd 
be  maintained  essentially  as  iB.  The  stack  feed 
with  the  pusher  on  the  bottom  of  the  stack  1b 
not  desirable  for  thin  wafers  because  the  bottom 
wafer  would  be  carrying  the  weight  of  the  atack 
and  this,  coupled  with  the  force  of  the  pusher 
necessary  to  push  the  wafer  onto  the  conveyor, 
would  probably  break  the  wafer.  A  stack  feed 
could  be  used  where  the  wafers  are  removed  from 
the  top  of  the  stack  and  the  level  of  the  top  of 
the  stack  is  maintained  by  a  rod  which  is  driven 
upward  a  distance  equal  to  the  thickness  of  one 
wafer  for  each  cycle  of  the  machine,  see  Figure 
7.  The  wafers  can  be  taken  from  the  top  of  the 
stack  by  either  a  tweezer-type  arm  or  a  vacuum- 
type  arm  similar  to  the  ones  described  earlier 
in  the  section  on  base  plates.  Power  to 
operate  this  arm  can  be  obtained  by  linking  to 
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Figure  7.  Stack  feed  with  mechanism  for  main¬ 
taining  top  wafer  at  constant  level . 


the  same  mechanism  that  drlveB  the  pusher  ir. 
the  present  machine.  Vacuum  Instead  of  spring- 
loaded  levers  can  be  used  tc  hold  the  wafers 
during  the  printing  operation.  Although  a 
pusher-type  take-off  could  possibly  still  be 
used,  a  fork-type  or  tweezer-type  arm,  as 
previously  described,  appears  to  have  excellent 
adaptability  to  this  take-off  operation.  The 
plates  taken  off  the  machine  would  probably  be 
placed  or:  trays  or  a  conveyor  belt  instead  of 
the  racks  shown  in  Figure  6.  This  machine 
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definitely  appears  to  be  adaptable  to  micro¬ 
miniature  applications. 

In  the  redesign  of  a  screen  printing  machine , 
such  as  the  one  shown  in  Figure  6,  an  indexing 
rotary  table,  instead  of  an  endless  belt  con¬ 
veyor,  should,  be  considered,  because  it  probably 
will  be  necessary  to  have  more  complex  carriers 
than  those  presently  employed  and  a  rotary 
table  requires  only  a  few  carriers.  In  order  to 
eliminate  the  requirement  that  each  carrier  be 
indexed  precisely  with  respect  to  the  printing 
heud  of  the  machine,  and  to  provide  for  precise 
indexing  of  the  pattern  on  the  wafer,  the  print¬ 
ing  head  and  conveyor  could  be  modified.  Figure 
8  illustrates  schematically  a  possible  modifica¬ 
tion.  The  portion  of  the  printing  head  that 
carries  the  patterned  screen  can  be  made  to 
float,  that  is,  to  have  some  movement  in  the 
plane  of  the  wafer  surface,  angularly  and  in  two 
directions  perpendicular  to  each  other.  The 
patterned  screen  frame  can  then  have  two  members 
with  tapered  holes  which  will  mate  with  tapered 
pins  that  are  a  part  of  the  carrier  unit,  and 
are  precisely  located  with  reference  to  the 
wafer  indexing  mechanism.  This  modification 
would  optimize  the  indexing  accuracy  of  the 
machine,  which,  In  it3  current  form,  produces 
ninety- foui-  percent  acceptable  plates. 


Figure  8.  Floating  head,  shoving  freedom  of 
motion  in  the  printing  plane,  angularly,  and 
in  two  directions  perpendicular  to  each  other. 

Conductors  are  also  deposited  on  dielectric 
wafers  by  vacuum  deposition  methods^  A9' .  A 
boat  containing  the  raetal  to  be  evaporated,  and 
then  deposited  on  a  dieiectric,  la  heated  in  a 
high  vacuum  chamber.  The  metal  molecuiea  are 
deposited  on  the  dielectric  in  a  pattern  govern¬ 
ed  hy  the  mask  which  is  placed  on  the  dielectric 
wafer.  At  the  present  time,  vacuum  deposition 
is  generally  a  hatch-type  process.  Several 
properly  masked  wafers  and  the  boat  containing 
the  metal  to  be  evaporated  are  placed  in  a 
vacuum  Jar,  the  Jar  is  evacuated,  the  metal 
source  is  heated,  the  metal  is  vaporized,  and 
hence  deposited  on  the  wafers.  The  vacuum  is 
released,  the  Jar  is  raised  and  the  patterned 
wafers  are  removed.  This  batch  process  could  be 
male  continuous  by  placing  a  supply  of  blank 
wafers  in  the  tell  Jar  and,  by  the  use  of 
-emotely  controlled  mechanisms,  the  wafers  could 


be  continuously  fed  and  indexed  behind  masks 
containing  the  desired  patterns.  The  wafers 
would  be  ahielded  from  the  unwanted  metal  vapor 
both  before  and  after  the  deposition  of  the 
metallic  pattern.  Vacuum  deposition  appears  to 
be  adaptable  to  microminiature  applications. 

Conductor  patterns  can  be  placed  on  dielec¬ 
tric  wafers  by  spraying  techniques.  A  mask  con¬ 
taining  the  deBired  pattern  ie  placed  over  the 
wafer  and  a  spray  of  silver  paint  is  directed 
over  the  mask.  A  silver  pattern  similar  to  the 
one  on  the  mask  is  Left  on  the  plate.  Spraying 
is  not  eb  widely  used  as  screen  printing.  The 
masking  problem  becomes  somewhat  difficult  in 
the  spraying  process  and  hence  the  pattern 
definition  is  sometimes  not  sharp.  Smearing  of 
the  mask  with  the  wet  paint  also  contributes  to 
poor  pattern  definition.  This  is  a  problem  in 
the  larger  patterns,  and  will  become  an  even 
greater  problem  in  the  microminiature  applica¬ 
tions.  It  appears  that  where  silver  patterns 
are  to  be  applied  a  screen  printing  process  will 
generally  be  employed. 

Wire  is  used  for  terminal  leads  as  shown  in 
Figure  1.  The  wire  is  approximately  twelve 
thousandths  of  on  inch  in  diameter.  The  wires 
are  now  placed  in  the  circuit  assembly  by  nand 
operations.  They  are  attached  to  the  circuit 
either  by  soldering  or  with  a  conductive 
cement (10 ).  Soldering  presents  problems  in  the 
small  wafers:  the  heat  applied  to  components, 
such  as  transistors  and  resistors,  can  modify 
their  electrical  characteristics,  and  the 
thermal  shock  on  the  thin  wafers,  due  to  local 
applications  of  intense  heat  required  for  solder¬ 
ing,  may  cause  the  wafer  to  crack. 

In  production,  wire  could  be  fed  from  spools, 
through  dies,  cut  to  size,  and  attached  to  the 
circuit  vith  conductive  cement.  The  wire  is 
placed  in  slots  in  the  wafer  as  shown  in  Figure 

and  the  conductive  cement  is  applied.  The 
viscosity  of  the  cement  is  ouch  that  it  holds 
the  leads  to  the  circuit  until  the  cement  is 
cured. 

3.  Resistors 

Methods  which  have  been  employed  to  apply 
printed  resistors  to  circuits  are  as  follows: 

1.  Screen  printing 

2.  Injection  molding 

3.  Pen 

4 .  Vacuum  evaporation 

5.  Tape 

The  same  screen  printer  as  that  shown  in 
Figure  6,  and  described  earlier  for  applying 
conductive  patterns  on  dielectric  materials, 
could  be  used  for  printing  resistors  simply  by 
using  an  appropriate  pattern  and  a  resistor  ink 
formulation,  rather  than  silver  paint.  Hand 
screening  methods  are  presently  being  used  in 
the  laboratory  production  of  printed  resistors 
for  microminiature  circuits.  Screen-printing 
of  resistors  has  proven  to  be  satisfactory  but 
the  method  :b  not  as  versatile  as  seme  others 
which  allow  greater  control  in  the  depth  of  each 
resistor. 

The  injection  molding  method  for  resistor 
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printing  is  baaed  on  the  pressure  filling  of  an 
appropriate  matrix  with  resistor  ink  and  trane- 
r,-pr+K8  ,.e,iDk  -from  the  matrix  to  the  Burf&ce 
of  the  dielectric-  plate (U).  A  schematic 
diagram  of  this  process  is  seen  in  Figure  9. 


Figure  9.  Schematic  diagram  of  water- jacket ed- 
injection  molding  printer  showing  delivery  of 
ink  from  three  reservoirs  to  a  three-cavity 
mold. 

The  value  of  the  printed  resistors  is  controlled 
by  varying  the  resistor  ink  formulation  used, 
and  by  varying  the  dimensions  of  the  matrix  - 
cavitien  which  in  turn  define  the  length,  width, 
and  depth  dimensions  of  the  resistor.  Figure  10 
Bhows  an  injection  mol ding- type  machine  for 
printing  resistors.  This  machine  is  designed  so 
that  it  can  simultaneously  print  up  to  twelve 
resistors  on  a  dielectric  plate,  each  having,  if 
necessary,  a  different  formulation  of  resistor 
ink. 

At  the  feed  position  of  the  machine,  cams 
open  the  Bpring  loaded  levers  which  hold  the 
dielectric  plates  indexed  with  respect  to  two 
perpendicular  edges  on  the  conveyor  carrier.  At 
present  each  blank  plate  is  manually  placed  in 
the  carrier  nest.  The  conveyor  carries  the 
plate  to  the  printing  position.  The  printing 
head  of  the  machine  floats,  i.e.  it  can  move 
parallel  to  and  perpendicular  to  the  conveyor 
and  it  can  also  move  angularly.  When  the  plate 
is  indexed  in  the  printing  position,  the  print¬ 
ing  head  is  lowered  by  two  positive  displacement 
cams  one  on  each  side  of  the  machine.  Wher.  the 
printing  head  approaches  the  conveyor  carrier, 
two  cone-shaped  holes  engage  two  cone- prongs  on 
the  carrier  assembly.  Since  the  cones  on  the 
carrier  assembly  have  been  precisely  located 
with  respect  to  the  edges  used  to  index  the  di¬ 
electric  plates,  the  matrix  is  precisely  indexed 
with  the  dielectric  plate.  The  matrix,  which  is 
usually  made  of  a  resilient  material,  makes  con¬ 
tact  with  the  dielectric  plate  with  enough 
pressure  so  that  the  resistor  ink  will  not  seep 


but  with  not  so  much  pressure  that  it  will  dis¬ 
tort  the  shapes  of  the  cavities  in  the  matrix. 
When  the  matrix  is  in  contact  with  the  plate, 
air  pressure  1b  applied  to  the  ink  reservoirs 
bo  that  ink  flows  into  the  cavities  in  the 
matrix.  The  pressure  is  applied  for  the  length 
of  time  required  to  fill  the  matrix  cavities. 
The  part  of  the  machine  cycle  during  which 
pressure  is  applied  to  the  ink  is  made  variable 
by  using  a  solenoid  valve  and  a  cam-actuated 


Figure  10.  View  of  injection  molding- type 
resistor  printing  machine  showing  (top  to 
bottom):  ink  reservoirs,  floating  head,  con¬ 
veying  mechanisms,  and  positive  di a placement 
cam  for  raising  and  lowering  printing  head- 


switch  to  control  the  air  pressure.  When  the 
filling  time  is  up,  the  pressure  is  released 
from  the  ink  reservoir  and  the  printing  head  is 
raised  by  the  positive  displacement  cams.  The 
printed  plate  then  eventually  advances  to  the 
take -off  position  where  cans  again  release  the 
pressure  of  the  spring  loaded  levere  on  the 
edges  of  the  plates  permitting  them  to  be  re¬ 
moved  from  the  carrier  nests.  This  machine  is 
designed  so  that  there  can  be  variations  in  the 
pressure  of  the  printing  ink,  the  temperature  of 
the  printing  ink,  tie  pressure  of  the  matrix, 
the  speed  of  the  machine  during  the  printing 
phase  of  the  cycle,  and  the  speed  of  the  machine 
during  the  transfer  phase  of  cycle. 
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With  the  microminiature  wafer,  control  of  the 
pressure  between  the  matrix  and  the  wafer  may- 
become  critical  because  too  much  pressure  may 
break  the  wafer  and  y«L  sufficient  pressure  is 
required  to  obtain  a  seal  between  the  matrix  and 
the  wafer  surface.  This  machine  can  print  two 
plates  at  a  time  and  appears  to  be  readily 
adaptable  to  microminiature  circuit  applications. 
As  In  the  screen  printer,  the  primary  problems 
arise  in  the  handling  of  the  base  plates.  Here, 
also,  the  previously  described  feed  mechanisms 
of  tweezer-type  or  vacuum-type  transfer  arms  can 
be  used  to  place  the  wafer  on  the  conveyor 
carrier  nests  from  the  top  of  a  stack  like  that 
shown  in  Figure  6.  The  motion  for  actuating  the 
transfer  arms  can  be  obtained  by  linking  to  the 
up-and-down  motion  of  the  printing  head.  Carrier 
neBts  similar  to  the  ones  described  in  the  base¬ 
plate  section  of  this  paper  may  be  employed. 
Vacuum  can  be  used  to  hold  the  wafer  during  the 
printing  operation.  Take-off  mechanisms  similar 
to  the  ones  suggested  previously  in  this  paper 
can  be  used.  Here  also  an  indexing  rotary  table 
could  be  used  very  effectively. 

The  pea  method  is  another  process  by  which 
resistors  can  be  printed'^* .  The  mechanism, 
as  illustrated  in  Figure  U,  is  essentially  a 
tube  containing  resistor  ink.  The  tube  haB  a 
hypodermic-needle- like  outlet.  The  ink  is 
forced  out  of  the  outlet  by  air  pressure.  The 


Figure  11.  Schematic  diagram  of  water- 
jacketed  pen-type  printer  showing  delivery 
of  ink  to  a  moving  plate. 

tip  of  the  needle  is  passed  across  the  surface 
of  the  dielectric  plate  weaving  a  rifcbcr.-like 
layer  of  wet  resistor  irk  cn  the  plate.  In 
this  process,  a  pen  assembly  is  required  for 


each  different  resiBtor  to  be  printed.  There¬ 
fore,  the  wafer  must  be  conveyed  end  indexed  to 
as  many  pen  stations  on  a  machine  as  there  s.re 
resistors  on  the  plate.  This  method  permits 
control  of  the  length,  width  and  depth  of  the 
resistor.  The  speed  at  which  the  pen  passes 
over  the  plate,  the  temperature  of  the  ink  and 
the  pressure  applied  on  the  Ink  nan  all  be  con¬ 
trolled.  This  method  has  been  used  for  large 
plates  and  has  worked  quite  satisfactorily.  It 
requires  a  separate  printing  operation  for  each 
resistor  but  appears  to  be  adaptable  to  micro¬ 
miniature  applications. 

Thin- film  resistors  produced  by  vacuum 
evaporation  techniques  can  also  be  used  in 
microminiature  circuit  assemblies.  In  the 
vacuum  deposition  of  resistive  materials,  as 
with  conductive  materials,  batch  processes  are 
presently  used  but,  as  stated  previously  in 
this  paper,  a  continuous- type  production  opera¬ 
tion  could  oe  obtained. 

Another  type  resistor  that  can  find  applica¬ 
tions  in  microminiature  circuit  assemblies  is 
the  tape  resistor'll).  The  resistor  ink  is 
placed  on  a  thin  asbestos  tape  by  a  continuous 
spray  process  and  the  resultant  resistor  tape 
is  then  cut  to  the  desired  dimensions  and 

p-LtxC  Cli  <-*W  WlC  VXXUUXU  JiXUuC  •  X  XXX  L>  wuvaa  next* 

been  used  in  the  production  of  large  printed 
circuit  assemblies  with  satisfactory  results 
and  could  be  applied  to  the  microminiature 
applications  by  adapting  similar  machinery. 

4.  Capacitors 

An  example  of  a  typical  capacitor(14)  used 
ir.  microminiature  circuits  is  the  one  shown  in 
the  lower  left  hand  corner  of  Figure  1.  It  is 
a  wafer  one  tenth  of  an  inch  square  and  one 
hundredth  of  an  inch  thick  and  has  a  capacitance 
of  one  hundredth  of  a  microfarad.  Silver  elec¬ 
trodes  are  screened  on  each  side  of  the  wafer. 
These  wafers  are  attached  mechanically  and 
electrically  to  the  circuit  with  conductive 
cement.  In  the  DOFL  units,  a  cavity  for  receiv¬ 
ing  the  small  capacitors  is  placed  in  the  wafer 
with  a  cavitron  after  the  conductor  pattern 
haB  been  fired  on  the  wafer.  The  capacitor 
could  also  be  attached  to  the  circuit  by 
soldering,  but  in  that  case  thermal  shock  may 
be  a  problem  and,  since  the  capacitor  is 
placed  in  a  cavity  in  the  wafer,  a  conductor 
would  have  to  be  applied  in  the  cavity  and 
contact  made  with  the  rest  of  the  circuit. 

These  small  capacitors  could  be  placed  In 
the  circuit  with  a  machine  having  similar  feed, 
conveying.  Indexing  and  take-off  mechanisms  as 
discussed  previously  ir.  this  paper.  With  the 
wafer  indexed  in  the  machine,  a  mechanical  arm 
could  move  precisely  over  the  area  where  the 
capacitor  is  to  be  attached  and  apply  conduc¬ 
tive  cement  to  the  area.  Then  a  vacuum  type- 
arm  could  pick  a  capacitor  from  a  stack  and 
precisely  place  it  in  the  circuit.  This 
insertion  of  the  capacitors  could  be  done  by  a 
two- station  only  machine  or  by  two  stations  of 
a  machine  which  also  inserted  transistors, 
diodes  and  inductive  components. 

Another  approach  to  the  capacitor  insertion 
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problem  is  bo  use  a  body  with  high  dielectric 
constant  as  the  base  plate  and  let  it  serve  as 
the  dielectric  of  the  capacitor.  This  would 
eliminate  the  capacitor  insertion  problem  and 
require  only  the  printing  of  the  electrodes 
which  would  be  done  during  the  conductor  print¬ 
ing  operation. 

5.  Transistors  and  Diodes 

Transistors  and  diodes,  as  seen  in  Figure  1, 
are  similar  in  physical  size  and  nature  and, 
tnerefore,  they  will  be  discussed  here  as  one 
type  of  component. 

The  microminiature  transistors  used  are  pro¬ 
duced  by  applying  photolithographic  and 
vacuum  deposition  tool  cliques  to  a  germanium 
wafer  forty-five  thousandths  of  an  inch 
square  and  tan  thousandths  of  an  inch  thick. 

A  more  detailed  description  of  the  fabrication 
of  these  transistors  is  available  in  the 
literature  U-5J.  These  transistors  ore 

presently  being  produced  by  hand  methods  in 
the  laboratory  0-6)  ^  tmt  can  be  mass  produced 
by  implementing  photolithographic  and  vacuum 
deposition  tochniquos  for  large  scale  pro¬ 
duction. 

The  finished  transistors  and  diodes,  as 
soon  in  figuro  1,  consist  of  the  processed 
germanium  wafer.  Thoy  aro  soldered  to  a  thin 
metal  base  plate  ir.  order  to  facilitate  the 
insertion  of  the  component  in  the  circuit 
assembly.  The  transistor  is  placed  in  a  hole 
in  the  dielectric  base  plate  and  the  tldn 
metal  base  plate  which  iuia  been  soldered  to 
tho  transistor  overlaps  the  hole  odges  and 
locates  tho  transistor  3o  that  tho  surface 
of  the  transistor-contacts  are  in  the  plane 
of  the  base-plate  surface.  Voids  in  the  hole 
in  the  ceramic  wafer  between  the  transistor 
and  the  wafer  aro  filled  with  a  suita¬ 
ble  resin  prior  to  depositing  leads  connecting 
the  transistor  with  the  rest  of  the  circuit. 
Contact  between  the  transistor  and  the  rest  of 
the  circuit  is  made  by  vacuum  depositing 
aluminum  loads  from  tho  contacts  on  the  tran¬ 
sistor  to  the  proper  points  on  die  conductor 
pattern  on  the  ceramic  wafer. 

Ir.  a  mechanized  assembly  operation,  the 
base  wafer  would  first  be  indexed  on  a  con¬ 
veyor  ar.d,  by  the  use  of  vacuum  finger-type 
arms,  the  transistor  or  diode  would  be  placed 
ir.  the  proper  hole  in  the  base  wafer.  Con¬ 
ductive  cement  would  be  used  to  make  contacts 
between  the  baseplate  of  the  transistor  ar.d 
the  circuit.  After  the  conductive  cement  had 
cured,  a  supply  of  the  semi-finished  electronic 
assembileo  would  be  placed  ir.  the  chamber  of 
the  vacuum  deposition  machine  sc  that,  by  re¬ 
mote  controlled  arms,  each  assembly  would  be 
placed  in  position  behind  a  mask  and  the 
necessary  leads  vacuum  deposited  to  each 
assembly.  As  the  successive  components  are 
placed  on  the  base  wafer,  the  assembly  may 
become  awkward  to  handle.  In  some  instances, 
it  may  be  desirable  to  time  the  placing  of  one 
of  the  components  so  that  it  can  be  used  for 
orienting  the  assembly  in  a  succeeding 


operation. 

6.  Inductors 

Inductive  components  tend  to  be  large  and, 
although  considerable  progress  has  been  made  in 
miniaturizing  then,  there  does  not  exist  at  the 
present  time  an  inductive  component  that  neots 
the  size  requirements  of  the  microminiature 
circuit  assemblies  being  considered  in  this 
paper.  Attempts  by  some  laboratories  to  pro¬ 
duce  microminiature  inductive  components  have 
not  as  yet  produced  satisfactory  components . 
dmall  inductive  coils  have  been  developed  by 
the  manufacturers  of  hearing  aids  and  although 
they  represent  groat  accomplishment  in  micro¬ 
miniaturization  they  occupy  greater  volumes 
than  entire  micro-miniature  circuit  assemblies. 

The  approach  taken  at  tho  present  time,  in 
order  to  realize  optimum  space  savings,  is  to 
substitute  R-C  circuits  for  inductive  circuits 
wherever  possible .  A  paper  will  be  presented 
at  this  symposium  which  w.pl  consider  some 
aspects  of  this  approydi  >.17).  ir.  sane  casos, 
coil3  can  bo  printed  0-°',  but  thoy  require  con¬ 
siderable  surfaco  aroa  of  the  base  plate  and 
only  a  very  liritod  range  of  values  from  one 
tenth  to  one  Microhenry  can  be  achieved.  In 
the  limited  number  of  cases  where  printed  coils 
can  be  used,  tho  sane  printing  methods  de¬ 
scribed  earlier  for  printing  conductors  or  re¬ 
sistors  can  bo  applied. 


7.  Protective  coatings 

Protective  coatings  are  an  essential  part  of 
any  printed  circuit  assembly.  This  is  es¬ 
pecially  so  of  a  fragile  microminiature  circuit 
assombly  for  operational  military  applications 
which  must  undergo  extreme  environmental  and 
handling  conditions.  Units  are  protected 
acainst  moisture,  heat,  pressure,  shock  and 
vibration,  arcing  botweon  components,  and  low;, 
pejiods  of  storage  under  adverse  conditions 
Each  microminiature  circuit  can  be  protected 
individually,  or  where  the  individual  circuit 
is  a  stage  of  a  larger  assembly,  the  entire 
unit  can  be  protected, 

liethodn  which  are  generally  used  for 
applying  protective  coatings  to  electronic 
circuit  assemblies  are  as  follows: 

1 .  Screen  printing 

2.  Spraying 

3.  Dipping 

li.  Potting 

The  same  screen  printing  equijznent  that  is 
used  for  printing  conductors  and  resistors  can 
be  used  for  applying  protective  coatings. 

Screen  printing  is  generally  used  when  certain 
portions  of  the  circuit  are  to  be  electrically 
insulated  prior  to  completing  the  assembly 
operations . 

A  plastic  protective  coating  can  also  be 
sprayed  or.  either  the  finished  unit  or  at  some 
intermediate  stage  during  the  fabrication  of  the 
electronic  assembly. 

Protective  coatings  can  be  applied  to  a  unit 
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ty  dipping  the  entire  unit  in  an  appropriate 
coating  material.  Care  mat  be  taken  that  the 
coating  material  can  be  applied  and  cured  at  a 
temperature  sufficiently  low  that  it  will  have 
no  ill  effects  on  the  components  in  the  circuit 
In  selecting  a  dip-coating  material  it  is  also 
desirable  that  it  jell  at  room  temperature  so 
that  it  will  not  run  off  prior  to  curing.  In 
production,  the  coating  can  be  applied  to  each 
unit  by  using  an  endless  bolt  conveyor  to  which 
the  units  will  bo  fed  and  the  conveyor  will 
convey  the  units  through  the  dipping  and  curing 
oneration.  The  conveyor  oan  be  made  to  index 
ovor  a  pot  containing  coating  material  at 
proper  temperature.  The  pot  then  would  raise 
to  immerse  the  unit  and  lower  at  a  desired 
rate  to  produce  a  satisfactory  coating. 

Potting  is  a  process  that  will  be  especially 
useful  in  protecting  larger  ujnits  such  as 
stacks  of  small  assemblies  t20'.  The  stacks 
can  be  placed  in  reuseable  molds  or  in  casings 
that  will  stay  with  the  unit.  The  potting 
material  con  thon  bo  poured  into  the  mold  or 
casing  as  it  is  convoyed  by  resin  dispensing 
equipment.  Descriptions  of  equipment  and 
tochnlquoa  for  applying  casting. resins  are 
available  in  tho  literature  (2I>« (22J  < 

CONCLUSIONS 

There  is  little  doubt  that  many  problems 
must  be  solved  in  mechanizing  the  fabrication 
of  microminiature  electronic  assemblies,  but 
none  of  the  problems  appear  to  be  insurmounta¬ 
ble.  In  cenernl,  most  of  the  operations  have 
been  employed  successfully  in  applications 
dealing  with  lnrgor  units.  The  methods  and 
equipment  must  bo  axtendod  to  cover  the  micro¬ 
miniature  assembly. 

Caution  should  be  exorcised  in  deciding  the 
decree  of  mechanization  teat  is  economically 
desirable  to  achieve  ■  .  A  certain  amount  Of 

mechanization  trill,  be  essential  to  the  pro¬ 
duction  of  largo  quantities  of  electronic 
assemblies.  However,  since  microminiature 
technology  is  so  new  and  there  is  almost  day- 
to-day  change  in  tho  typo  of  components  used, 
machine  developments  should  not  be  undertaken 
where  the  equipment  cannot  be  omortized^^l  Ir. 
all  canes  equipment  should  be  designed  so  that 
it  can  be  adapted  to  meet  new  requirements. 
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A  STOUT  OP  THE  ELECTRONIC  PARIS  &  ASSEMBLIES  OF  THE  HAWK,  LACROSSE  I,  &  NIKE  HERCULES  MISSILES 


Alvin  Steinberg 

Reliability  Branch,  Research  &  Development  Division 
A  ray  Boelcet  A  Ouided  Mleaile  Agency,  Redstone  Arsenal,  Alabaaa 

The  HAWK,  LACROSSE,  and  NIKE  HERCULES  missiles  represent  the  latest  in  Army- 
Ordnance ,  Each  contains  oosplex  electronic  packages  requiring  high  reliability. 
In  order  to  enhance  the  aieslles  a  arrival  during  severe  operating  environments 
and  to  reduoe  the  else  and  Might  of  the  missiles 1  payload,  present  state-of- 
the-art  miniature  parte  are  being  used. 

This  study  will  coup are  in  the  above  missiles i 

a.  The  relative  number  of  miniature  electronic  parte 

b.  The  use  of  printed  wiring 

c.  The  uae  of  machine  assembly 

d.  The  sffioienoy  in  the  uae  of  available  apaoe. 


Summary! 

My  subject  deals  with  the  present  day  seleo- 
tion  and  application  of  electronio  parts  in 
guided  missile  systems.  In  particular,  the 
missile  eleotrcnios  of  the  HAWK,  NIKS  HERCULES, 
and  LACROSSE  I  systems  will  be  reviewed.  Al¬ 
though  this  material  does  not  eover  radioal 
innovations  in  the  field  of  miniaturisation,  the 
program  chairman  has  seen  fit  to  include  this 
paper  on  the  program.  Perhaps  an  understanding 
of  present  applications  would  enable  those  of  you 
in  design  work  to  get  an  added  feel  for  military 
requirements . 

Introduction i 

Greater  demands  in  aoouracy  and  reliability  of 
missiles  are  changing  the  appearance  of  the 
missile  electronic  package.  Our  first  generation 
of  system,  the  NIKE  AJAX  and  CORPORAL,  used  JAN 
or  oommeroial  parte  with  conventional  World  War 
H  wiring  in  typical  black  boxes.  In  the  preeont 
dqy  systems,  NIKE  HERCULES,  HAWK,  LACROSSE,  and 
DARI,  a  transition  is  evident  by  the  admixture  of 
some  printed  wiring  boards,  encapsulated  sub¬ 
assemblies,  and  a  wide  use  of  non-standard  parts. 
The  next  generation  may  uae  guidance  packages  of 
throw-away  aioro -miniature  assemblies  where  space 
restrictions  ere  imposed  by  waveguides  and 
hydraulio  systems,  rather  than  by  electronic  Sid 
eleotro-mechanioal  assemblies. 

Problem  Areei 

To  define  our  problem  in  packaging  electronics, 
consider  the  CCRPOR.VL.  A  CORPORAL  battalion  is 
authorized  acme  320  vehicles  of  equipment  TC&E 
6-5L5D.  Both  operators  mid  maintenance  techni¬ 
cians  are  highly  skilled  and  mil  trained  for 
their  mission.  Obviously,  the  use  of  micro¬ 
miniature  parts,  nodular  packaging  amenable  to 
machine  assembly,  end  e  revision  of  operation  and 
maintenance  emoepts  to  allow  more  replacement 
and  less  repair  would  reduoe  the  complexity  of 
present  operations. 

Slide  one  shows  a  typical  CORPORAL  wiring  and 
layout.  Note  the  leek  of  heat  sinks,  the  absence 
of  support  riba  in  the  chassis,  and  the  maze  of 
wiring. 


Slide  It  CORPORAL 

The  CORPORAL  system  la  not  to  be  written  off 
because  of  outdated  packaging.  Readiness  dates 
prevented  the  designers  from  incorporating  new 
techniques  during  RAD.  The  CORPORAL  III  system 
has  modern  ground  equipment  and  would  oorreot  the 
outdated  features  in  the  ground  equipment  as  noted 
by  this  slide.  Furthermore,  In  field  test  firings, 
the  CORPORAL  HA  has  demonstrated  a  higher  relia¬ 
bility  than  any  other  Irmj  missile  system.  This 
reliability  has  been  the  result  of  many  factors 
including  a  product  improvement  program  whereby 
over  half  the  missile  electronio  circuits  ss  noted 
in  slide  one,  were  converted  to  configuration  as 
shown  in  the  following  slide. 
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HAWK  i 

A  pioture  of  our  prc^r-:;;  can  be  portragrod  by  a 
look  at  our  present  day  developments,  The  HAWK 
missile-borne  electronics  is  packaged  principally 
within  two  unite i  the  seeker  and  the  autopilot. 
Many  parts  hare  been  made  non-standard  by  addi¬ 
tional  environmental  requirements]  that  Is,  by 
further  selection  prooeases  at  the  plant. 

The  HANK  missile  electronics  part  breakdown  is 


approximately  i 

Capacitors i 

Ceramle 

ho 

Mica 

U 6 

Tantalum 

35 

Paper 

156 

Class 

73 

Electrolytic 

3 

Titanium  Dioxide 

8 

Total 

367 

Tubes i 

11*6 

Crystals  and  Crystal  Diodes: 

81 

Transformers : 

55 

Resistors t 

Cce^oeition  1*81* 

Wirewound  11 

Deposited  Carbon  373 

Total  868 

Induotorst 

A?  He actors  3 

AF  Toroids  3 

RF  Coils  1*6 

ST  Toroids  3 

Others  j* 

Total  53 


This  total  oount  is  over  1520  electronic  parts 
exclusive  of  cables  and  connectors. 

Tbe  parts  are  laid  out  within  the  cylindrical 
seotlon  of  the  missile  for  ready  accessibility. 
Batteries,  dynamotors,  and  large  heavy  hardware 
are  mounted  along  the  longitudinal  axle  whereas 
the  circuit  parts  nre  neatly  mounted  on  curvi¬ 
linear  laminates  in  periphery  and  parallel  to  the 
missile  skin.  Raytheon  was  directed  to  provide 
for  repair  bgr  part  replacement  and  a  more  accessi¬ 
ble  layout  for  the  electronic  parte  would  be  hard 
to  visualise.  The  following  slide  shows  the 
nature  of  the  assembly  of  the  cylindrical  platters. 


Slide  3:  HAWK 
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The  electronic  part  density  la  the  HAWK  ad  anile 
Is  in  the  vicinity  of  2,000  par  outdo  foot.  The 
present  day  «*"<■*  using  printed  wiring  boards  Is 
around  50,000. 

HERCULES! 

The  NIXS  HERCULES  idsslle  guidance  package  has 
undergone  a  recent  packaging  redesign.  The  new 
package  is  a  "Modular*  one  with  subassemblies  acre 
readily  aooeselble  and  le  ooaaonly  sailed  "the 
'mushroom  guidance"  paokage. 

The  HEBCUUg  missile  eleotronlo  parts  count  is 
approximately: 


Capaoltorst 

Mioa  25 
Paper  91 
Tantalum  8 
Glass  7 
Ceramic  IS 
Others  17 

Total  169 

Resistors  t 

Composition  107 
Wirewound  12 
Deposited  Carbon  120 
Variable  31 

Total  ’  270 
Vacuum  Tabes  <  liO 
Crystals  and  Crystal  Diodes >  80 
HP  Imluotorsf  18 
Audio  Coils  and  Transformers!  15 
Other  Parts!  10 


This  total  count  la  approximately  602  parts. 

Actually,  for  a  tactical  operation,  the  parts 
count  for  the  HERCULES  might  be  considered  lees 
than  the  600  items  assembled.  Over  half  the  parts 
are  mounted  in  printed  wiring  boards  and  therefore 
would  not  be  subject  to  individual  replacement. 

The  Western  Eleotrlo  process  for  assuring  good 
solder  joints  to  printed  wiring  boards  requires  a 
3  cycle  thermal  shook  after  soldering.  Field 
replacement  of  an  item  to  the  board  where  solder¬ 
ing  Is  Involved  is  not  planned.  The  high  failure 
items,  vacuum  tubes,  are  mounted  on  the  oast 
frames  that  house  the  printed  board  assembly  and 
are  replaceable  if  need  be,  although  even  this 
item  is  considered  better  replaced  at  5th  echelon. 

There  are  22  printed  wiring  boards  in  the 
HERCULES  guidance  package.  Reliability  testa 
showed  no  genoral  necessity  for  encapsulation, 
therefore,  only  one  subassembly  is  sealed  in  epoxy 
resin  and  a  second  unit  In  silastic  rubber.  The 
majority  of  the  coils,  however,  have  been  encap¬ 
sulated  for  better  configuration  with  respect  to 
assembly  in  the  modules  and  for  environmental 
protection. 


Slide  lit  A  HERCULES  Module 


Slide  5t  Mock-up  of  HERCUIES  "Mushrocci" 
Instrument  Side 
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LACROSSE: 

The  LACROSSE  I  missile  guidance  package  In  con¬ 
trast  to  HAWK,  provides  all  presently  available 
techniques  of  assembly.  The  five  missile  elec¬ 
tronic  Ord  7  assemblies  contain  20  potted  sub- 
assemblies  aid  use  18  printed  wiring  laminated 
boards. 

The  LACROSSE  eleotronio  parts  count  for  the 
missile  is  as  follows i 


Capacitors t 

Mica 

102 

Glass 

32 

Paper 

ko 

Tantalum 

2 

Cerasdo 

3 

Variable 

5 

Total 

17h 

Resistors: 

Wlrewound 

23 

Composition 

207 

Deposited  Carbon 

S3 

Variable 

Total 

£96 

Inductors,  Aft 

15 

Inductors,  RF: 

109 

Diodes  &  Crystals: 

30 

Tubes: 

1*7 

Relays: 

10 

Miscellaneous: 

26 

The  total  oount  then  is  approximately  697.  The 
following  slide  shows  the  layout. 

The  LACROSSE  guidance  package  is  subdivided 
into  five  oh <u)sis,  replaceable  by  an  operator  when 
failure  is  evident  as  indicated  by  an  autceiatio 
tester.  Piece  part  repair  within  the  five  ohaseia 
is  accomplished  by  baok-up  Ordnance  Corps  mainte¬ 
nance  technicians.  Parts  density  in  the  LACROSSE 
1  missile  is  of  the  older  of  1,000  per  cublo  foot. 
Many  RF  oavities  contribute  to  the  relative  low 
part  density. 

In  oompariaon,  the  three  missiles  compare 
thuslyj 

Missile  Eleotronio  Parts 


Total  Parts 

1520 - 

- 502 

wr~ 

Non-Standard 

~W~" 

50* 

Bo* 

Type  Maintenance- 

Part  A 

Replacement 

Part 

Module 

Potted  Assy 

Until  early  this  year,  the  maintenance  philo¬ 
sophy  promulgated  by  the  Ordnance  Corps  for  missile 
systems  was  based  on  AB  750-5,  that  is,  the 
traditional  five  echelcns.  By  interpretation, 
field  repair  meant  test  equipment  for  fault 
isolation  to  the  piece  part  and  repair  by  part 
replacement. 


Slide  6)  A  LACROSSE  Chassis  Wiring 


Slide  7  s  Top  View  of  LACR015SE  Chassis 
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This  maintenanoo  pliilo  sophy  has  been  modified, 
and  repair  is  now  permitted  by  replacement  of 
modules.  Accordingly,  the  SERGEANT,  NIKE  ZEUS,  & 
LACROSSE  KCD  I  systems  will  be  packaged  In  modular 
form  and  a  reduction  in  field  repair  and  main¬ 
tenance  skills  is  evident  in  their  TO&E's. 

The  use  of  non-standard  parts  is  of  great 
oonoem  in  the  industrial  phase  of  a  missile 
program.  Each  part  peculiarly  stocked  as  a  re¬ 
placement  part  adds  an  additional  burden  on  the 
supply  system.  Furthermore,  if  the  part  is  a  new 
development  which  may  be  inadequately  tested,  it 
is  also  a  threat  to  reliability.  Many  of  the 
parts  in  the  systems  discussed  have  been  made  non¬ 
standard  by  the  addition  of  specifications  for 
environmental  extremes  of  temperature  end  ahock 
not  contained  in  the  Mil  Speo  of  the  comparable 
part. 

A  part  selected  by  environmental  testing  does 
not  necessarily  hare  a  greatt"  resistance  to 
failure  than  one  not  so  selected.  However, 
complex  missiles  oan  hardly  be  expected  to 
funotion  unless  constructed  under  extreme  condi¬ 
tions  of  quality  control  and  tills  bogins  with 
incoming  inspection  of  sleotronio  parts.  Relia¬ 
bility  takes  precedence  over  standardisation. 


By  the  reliability  formula,  or  the  produce  rule, 
the  overwhelming  number  of  missile -borne  electronic 
parts  makes  the  guldanoe  package  the  most  suspect 
for  in-flight  failures. 

When  initiating  this  study,  I  expected  to  find 
a  relationship  between  reliability  and  missile 
electronic  part  selection  and  assembly.  However, 
no  trend  was  evident.  In  field  test  firings  the 
missile  with  the  greatest  part-count  has  shown  the 
greatest  reliability.  Factors  other  than  complex¬ 
ity  most  be  more  influential  in  field  operations. 

The  electronic  package  in  one  guided  missile  is 
only  2%  of  the  total  weight  of  the  missile  and  2% 
of  the  volume.  Miniaturisation  of  components  in 
servo  or  hydraulic  systems  would  pay  off  greater 
dividends  in  space  savings  than  in  the  electronio 
area. 

Miniaturisation  efforts  on  electronic  parte  and 
assemblies  will  be  the  trend  for  our  future  systems. 
The  oriteria  of  reliability  and  ruggednosa  point 
toward  miniaturisation  as  a  possible  solution  for 
better  performance.  Although  the  HAWK,  HERCULES, 
and  LACROSSE  I  may  derive  no  benefit  from  the 
miniaturisation  efforts  described  at  this 
symposium,  our  missile  designers  are  anxious  to 
incorporate  new  features  in  the  next  generation 
of  systems  now  in  the  planning  stage. 


THE  STABILITY  OF  SaUCONDUCTORS  m  HICROELECTRCKXC  AMWfPT.Trs 


J.  Maxwell  Stinohfield  and  Owen  L.  Mayer 
Diamond  Ordnance  Fuee  Laboratories,  Washington  25,  D.  C. 


As  progress  is  Bade  in  the  direction  of  microelectronic  circuit  development,  the 
problems  of  stabilisation  and  protection  of  the  components  and  especially  the  semi¬ 
conductors  assume  a  major  role.  The  aeveral  proceesing  etepe  leading  toward  the  com¬ 
pleted  and  stabilised  unit  and  the  determination  of  the  extent  of  the  semiconductor 
stability  are  considered.  A  description  is  given  of  the  use  of  the  "Field  Effect" 
technique  for  rapid  observation  of  stability.  The  measurement  and  analysis  of  the 
effects  of  seme  semiconductor  surface  treatments  are  described. 


Introduction 

The  need  for  stable  and  dependable  electronic 
devices  in  fusing  and  other  ordnance  assemblies  is 
self-evident.  For  stability  in  microminiaturisa¬ 
tion,  careful  consideration  should  be  given  to  the 
components  of  the  assembly.  The  olose  physical 
association  of  the  many  components  each  with  ex¬ 
acting  electrical  and  material  requirements  makes 
necessary  a  detailed  understanding  of  the  proper¬ 
ties  of  these  components.  This  is  especially  true 
of  the  semiconductor  components  of  the  assembly. 
These  are  by  their  very  nature  sensitive  to  a  dis¬ 
turbance  of  their  properties  by  slight  contamina¬ 
ting  influences,  in  their  preparation  the  semi¬ 
conductor  material  is  sons  purified  to  the  highest 
purity  attainable  and  is  then  deliberately  contam¬ 
inated.  This  controlled  contamination  (doping) 
Introduced  during  the  process  of  growing  a  single 
crystal  produces  the  desired  degree  of  imperfec¬ 
tion  which  determines  the  electrical  properties  of 
the  device  to  be  fabricated  from  the  material. 

The  control  of  these  and  other  imperfections  are 
essential  for  a  good  semiconductor  device. 


In  a  transistor  fabricated  from  such  material, 
the  circuit  designer  looks  for  high  and  stable  al¬ 
pha,  loir  and  stable  saturation  current  and  high 
and  stable  breakdown  voltage  and  other  properties 
sufficient  for  the  application.  The  device  de¬ 
signer  knows  that  the  desired  stable  electrical 
characteristics  can  be  obtained  only  by  starting 
with  a  properly  prepared  material.  For  example, 
the  recombination  lifetime  of  the  current  carriers 
in  the  prepared  material  must  be  appropriate  to 
the  particular  device  to  be  fabricated.  Recombi¬ 
nation  lifetime  is  not  fundamentally  a  material 
property  tut  varies  rather  with  the  qode  of  prep¬ 
aration  (Imperfections  grown  in  tbs  crystal  and 
surface  Imperfections)  and  the  impurity.  Even 
when  the  device  has  been  prepared  froei  a  good  sta¬ 
ble  single-crystal  material,  the  inherent  imper¬ 
fection  of  the  surface,  affecting  the  recombination 
lifetime,  exerts  a  strong  influence  cn  the  charac¬ 
teristics  of  the  device. 


Assuming  a  well  prepared  bulk  material,  we  will 
be  concerned  here  principally  with  the  stability 
of  the  semiconductor  surface. 

Desired  Surface  Properties  and  Their  Control 

At  the  surface  of  the  semiconductor  device  it 
is  desired  to  have  a  small  surface  mcombinatlon 
velocity  S  and  a  email  surface  conductivity  0. 


These  are  controlled  by  electrically  (or  chemical¬ 
ly)  shifting  the  eurfaoe  potential  (difference  In 
potential  between  the  bulk  interior  and  the  sur¬ 
face)  and  by  forming  layers  with  small  numbers  of 
recombination  centers.  Surface  recombination  ve¬ 
locity  and  surface  conductivity  are  inter-related 
in  such  s  complicated  faa'iion  that  it  appears 
best  to  obtain  creator  experimental  confirma¬ 
tion  of  the  theory^* ‘  before  discussing 
it.  It  win  be  sufficient  to  say  here  that 
the  general  shape  of  the  conductivity  curve  as  a 
function  of  surface  potential  is  a  U-shaped  curve 
and  the  recombination  velocity  versus  surface  po¬ 
tential  is  an  inverted  U-shape  curve.  Experimen¬ 
tally  the  recombination  curve  (to  the  extent  to 
which  it  has  been  verified  to  date)  is  &  super¬ 
position  of  several  curves  of  this  lost  described 
simple  inverted  U-shape  curve.  Despite  the  great 
cemplexity  of  recombination  theory  required  to  ex¬ 
plain  the  behavior  of  the  semiconductor,  it  is 
possible  to  observe  patterns  of  behavior  that  are 
quite  reproducible  within  a  certain  range  of  ex¬ 
perimental  or  ambient  conditions.  Seme  of  these 
axe  illustrated  by  the  experiments  to  be  described 
following  the  initial  discussion  of  the  surface 
conditions. 

The  acope  of  this  paper  will  be  limited  to  a 
description  of  the  processing  steps  which  might  be 
used  to  obtain  a  good  stable  semiconductor  surface, 
the  surface  properties  observed,  and  the  technique 
of  measurement.  This  is  followed  by  experimental 
data  illustrating  the  behavior  observed  on  a  num¬ 
ber  of  samples  of  n-type  germanium  with  various 
surface  treatments. 

Surface  Recanbination  Velocity 

The  symbol  S  will  be  used  in  the  following 
discussion  to  denote  surface  recombination  veloc¬ 
ity  in  co/sec.  This  is  of  the  same  significance 
as  velocity  of  carrier  flow  as  used  to  calculate 
the  current  density  flow  in  the  usual  senss  where, 

J  »  q  n  s 

q  ■  charge  on  one  carrier  (1.6  x  10“^  coulombs) 

n  ■  number  of  carrie re/cm^ 

»  -  average  velocity  of  carrier  flow  in  cm/sec. 

J  -  resulting  density  of  current  flow  in  am¬ 
ps  re  a/cm‘ 
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For  u  thin  slab  of  geissanium,  the  carrier  life¬ 
time  X.  ordinarily  obtained  by  observing  the  decay 
of  a  photoconductive  current  after  an  instantane¬ 
ous  flash  of  light  is. 


1  - 

T 


-1_ 

ts 


Usually  'Cg,  the  bulk  lifetime  is  large 
enough  to  be  neglected  in  comparison  vith  Tg, 
the  surface  recambinatlcn  lifetime.  The  surface 
recombination  velocity5'®  for  a  thin  slab  (with 
all  dimensions  large  compared  to  tho  thickness 
and  with  the  thickness  small  compared  to  the 
diffusion  length  constant  of  tho  material)  is 
given  by, 

s  =  x/a  T 

where  X  is  the  thickness  of  the  slab.  Figure  1 
shows  this  relation  for  the  experimental  germanium 
samples,  with  dotted  curves  indicating  the  change 
for  a  plus  or  minus  20  percent  change  in  the  10 
mil  thickness. 


Figure  1.  Surface  Recombination  Velocity  3 
versus  Charge  Carrier  Lifetime  T. 

(for  10  mil  thick  slab  of  semiconductor) 


Figure  2.  Grounded  Suit  ter  Current  Gain  (i 
versus  Surface  Recombination  Velocity  S. 

(for  assumed  conditions  0  »  50  at  S  -  1250) 


Tbs  effect  of  3,  the  surface  recceblnatiou  ve¬ 
locity,  on  the  beta  or  alpha  c-b  as  it  is  often 
called,  is  illustrated  for  an  assumed  case  in  fig¬ 
ure  2.  Variations  in  S  up  to  200  produce  rela¬ 
tively  small  beta  variations.  However,  a  beta 
drop  to  70  percent  occurs  when  S  goes  to  500. 

While  the  value  of  S  is  important,  most  of 
the  detailed  information  about  the  surface  is  ob¬ 
tained  from  the  field  effect'  experiment. 

E.eld  Effect 

in  this  experiment,  a  small  bar  (width  about 
8  x  thickness  and  length  about  liO  x  thickness)  of 
germanium  has  leads  attached  to  its  ends  through 
which  a  small  d-c  current  is  passed,  (See  RLg.lX 
Over  the  surface  of  the  bar,  a  plate  electrode  (P) 
is  located  as  closely  as  possible  but  insulated 
from  the  bar.  An  a-c  voltage  in  the  frequency 
range  of  SO  to  3000  cps  connected  to  the  plate 
electrode  causes  changes  in  the  conductivity  of 
the  surface  which  appear  as  a  modulation  of  the 
d-c  current.  This  conductivity  change  is  observed 
by  means  of  the  oscilloscope  as  shown  in  the  teat 
circuit  in  Figure  3.  '.Tie  effect  of  the  capaci¬ 
tance  current  through  tho  sample  18  baLanced  out 
by  an  equivalent  capacitance  C]j  and  resistor  itB. 
The  curves  appearing  on  the  oscilloscope  show  the 
change  in  surface  conductivity  G  versus  surface 
charge  (surface  potential  Y  is  related  to  surface 
charge  through  the  capacitance  of  the  plate  P  to 
tho  surface)  due  to  tho  Hold  effect.  When  a  min¬ 
imum  appears  in  this  curve,  this  point  is  related 
to  the  theoretics!  curve  of  G  versus  Y  (or  G  versus 


Figure  3.  Field  Effect  Experiment. 

surface  charge)  shorn  in  Figure  k  so  that  the 
space  charge  and  the  charge  in  the  traps  is  then 
known.”  The  theoretical  curve  of  Figure  k  gives 
the  true  conductivity  of  the  eurface  when  the  ef¬ 
fect  of  traps  is  negligible.  The  trap  ie  probahly 
a  crystal  imperfection  which  withholds  an  electron 
from  the  conduction  band  or  a  hole  from  the  val¬ 
ance  band.  The  experimentally  observed  curve  is 
wider  due  to  charge  held  in  trapa  which  ie  not 
able  to  contribute  to  the  conductivity  of  the  sur¬ 
face.  Hence,  the  horisontal  difference  between 
these  two  curves  (plotted  with  surface  charge  as 
the  horisontal  coordinate)  when  the  minimal  points 
are  coincident  will  give  the  charge  in  the  trape. 
This  is  the  charge  in  tho  so-called  fast  traps. 

Ths  slow  traps  are  so  unresponsive  that  they  only 
exert  a  fixed  biasing  potential  which  requires 
seconds  to  minutes  or  hours  to  change.  With  this 
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Figure  4>  Trap  Free  Surface  Conductivity  0 
versus  Surface  Potential  7  for  8.0  Ohm-Cm 
N-type  Qeraaniua, 


ozone  and  back  again.  The  sensitivity  of  the 
semiconductor  surface  to  such  an  "ambient  cycle" 
is  made  use  of  here  to  test  the  surface  stability. 
The  degree  to  which  the  surface  is  resistant  to 
disturbance  by  the  "ambient  cycle"  (a  similar  cy¬ 
cle  known  as  the  "Brsttain-Bardeen  cycle"  is  re¬ 
ferred  to  frequently  in  the  literature")  will  be 
used  as  a  measure  of  surface  stability.  Seme 
change  is  usually  observable  even  with  specially 
treated  and  coated  surfaces.  Figure  5  shows  the 
relative  tendency  of  varies* .ambient sJ  or  chemi¬ 
cals  to  produce  n-type  or  p-type  surfaces  end  the 
corresponding  patterns  obssrved  on  the  oscillo¬ 
scope.  The  patterns  are  sections  of  the  corre¬ 
sponding  surface  conductivity  curves  produced  when 
the  semiconductor  surface  potential  (or  surface 
charge)  is  artificially  shifted  back  and  forth  by 
a  high  voltage  (audio  frequency  of  50  cps  to  3000 
cps)  applied  to  a  small  metal  plate  located  close 
to  the  semiconductor  surface. 

The  observed  pattern  is  not  uniquely  related  to 
the  ambient  since  the  previous  history  of  the  sur¬ 
face  leaves  a  residual  effect.  The  patterns  shown 
in  Figure  5  are  normal  for  the  nearest  group  of 
ambients  and  change  in  the  direction  shown  as  the 
ambients  shift  the  surface  toward  more  n-type  or 
p-type  conductivity. 


information  plus  the  recombination  data,  the  ex¬ 
perimental  results  can  be  correlated  with  the 
theory.  Due  to  complexities  mentioned  earlier,  no 
attempt  at  correlation  will  be  made  here.  The  ex¬ 
perimental  results  will  be  used  to  monitor  surface 
stability. 

Surface  Stability 

In  the  field  effect  experiment  the  patterns 
appearing  on  the  oscilloscope  (See  Figure  5)  show 
clearly  the  type  of  surface  present  on  the  semi¬ 
conductor,  The  type  of  surface  conductivity 
(either  n-type  or  p-type)  is  shown  by  the  slope 
direction  of  the  curve  for  the  surfaco  conductiv¬ 
ity,  since  near  the  minimum  point  in  the  curve  a 
change  from  n-type,  through  intrinsic,  to  a  p-type 
surface  is  indicated.  The  untreated  semiconductor 
surface  is  observed  to  change  from  a  strong  n-type 
surface  to  a  strongly  p-type  surface  and  back  again 
as  the  gaseous  ambient  surrounding  it  is  changed  from 
wot  nitrogen  through  dry  nitrogen  and  dry  oxygen  to 
FIELO  EFFECT 

AMBIENTS  OSCILLOSCOPE  PATTERN 
AMMONIA 
WET  NITROGEN 
WET  AIR 
WET  OXYGEN 
DRY  NITROGEN 
DRY  AIR 
DRY  OXYGEN 
HYDROGEN  PEROXIDE 
OZONE 
CHLORINE 

Figure  5*  Ambients  Arranged  According  to 
the  Degree  of  N-type  or  P-type  Surface 
Produced  on  Germanium. 
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Experimental  Curves 

A  photograph  of  oacilloecope  tracings  for  a 
piece  of  untreated  8.0  ota-cm  n-type  germanium  is 
shown  in  Figure  6.  Curve  a  la  for  a  dry  oxygen 
ambient.  Curve  b  showing  a  strong  p-type  sur¬ 
face  occurs  for  10  seconds  spark  discharge  pro¬ 
ducing  ozone  in  the  oxygen.  The  surface  potential 
drifts  back  to  curve  o  3  minutes  after  the 
b parking  is  stopped.  Curve  d  in  Figure  7  occurs 
after-  5  minutes  in  dry  nitrogen.  Curve  e  showing 
a  strong  n-type  surface  oocurs  when  the  nitrogen 
is  passed  through  water  for  10  seconds.  Curve  f 
results  1  minute  after  returning  to  dry  nitrogen. 


Figure  6.  Experimental.  Surface  Conductivity 
vereuB  Applied  Field  for  Oxygen  and  Os one. 
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Figure  9.  Surface  Recombination  Velocity  S 
versus  Hours  Time  in  Room  Air  for  Silicone 
Coated  H-type  Qeraanium. 


Figure  7.  Experimental  Surface  Conductivity 
versus  Applied  Field  for  Dry  and  Wet  Nitrogen. 

This  illustrates  hoe  readily  the  ambient  atmos¬ 
phere  can  shift  the  surface  from  strongly  p-type 
to  strongly  n-typa. 

Figure  8  shows  similar  curves  on  this  sample 
after  it  has  been  coated  with  a  silicone  resin. 

The  center  curve  k  obtained  after  5  minutes  ex¬ 
posure  to  ozone  shows  only  a  alight  changs  in  tha 
p-type  direction  compared  to  a  change  completely 
to  a  p-type  eurface  in  10  seconds  whan  the  surface 
is  uncoated. 


Some  typical  curves  illustrating  several  sur¬ 
face  treatments  under  study  at  DQFL  are  shown  in 
Figures  10,  11,  12  and  13. 

In  Figure  10,  a  piece  of  the  same  8  o fan- cm 
n-type  germanium  which  had  been  cleaned  with 
household  cleanser  (Ajax)  showed  an  3  of  830. 
Etching  in  superoxol  etch  hath  (1  part  HF,  1  part 
HjOj,  4  parts  HgO)  plus  a  U-P  (ultra-pure  de¬ 
ionized  water)  wash  reduced  the  S  to  the  neigh¬ 
borhood  of  200.  When  "ambient  cycled”  S  in¬ 
creased  to  420.  Cleaning  again  in  household 
cleanser  increased  3  to  700.  A  U-P  wash  reduced 
S  frets  700  to  $00.  Etching  again  reduced  3  to 
190. 


Figure  8.  Experimental  Surface  Conductivity 
versus  Applied  Field  for  a  Stabilized  Surface 
Exposed  to  Oxygen  and  Ozone. 

The  surface  recombination  velocity  S  is  shown 
in  Figure  9  for  this  sample.  After  coating  and 
drying  it  was  baked  for  one  hour  in  room  air  at 
110*C.  A  change  in  S  frem  250  to  320  occurred 
during  the  bake.  It  remained  stable  in  room  air 
for  20  hours,  when  it  was  "ambient  cycled".  A 
charge  frets  320  to  250  occurred  during  the  24  hour 
period  mediately  following  the  "ambient  cycling", 
but  no  further  change  waa  noted. 


Figure  10.  Surface  Recombination  Velocity  3 
versus  Hours  Tims  in  Room  Air  for  Polystyrene 
Coated  N-type  Germanium. 


A  coating  of  polystyrene  was  then  applied-  The 
3  decreased  to  170  and  remained  there  for  16  hours. 
On  "ambient  cycling",  the  3  increased  from  170 
to  290.  A  U-P  wash  reduced  S  from  290  to  155. 
Over  the  next  24  hours,  3  rose  to  190  but  was  at 
155  after  1200  hours  in  room  air. 

Germanium  pieces  )»7  and  #8  from  this  same  cry¬ 
stal  slice  (8.0  ohn-em  n-type)  were  etched, 
washed  and  dried.  Number  7  was  coated  with  an 
epoxy  and  dried.  Number  3  remained  uncoated. 

Baking  for  1  hour  in  air  at  U0*C  (See  Figure  11) 


J.  MAXMEU,  STI1JQ1KCE1D  AND  CMEN  X,  METIER 


Figure  11.  Surface  Recombination  Velocity  3 
versus  Hours  Time  in  Room  Air  for  (7)  Epoxy 
Coated  and  Baked  and  (8)  Baked,  Epoxy  Coated, 
and  Baked  N-type  Germanium. 

changed  S  from  320  to  630  on  the  coated  sample 
ft  but  made  no  change  in  the  uncoated  sample  #8. 
After  the  bake,  the  #8  sample  was  similarly  coated 
and  dried.  At  18  hours,  the  S  of  this  sample 
had  decreased  from  360  to  320.  Four  hours  later, 
it  had  increased  frcm  320  to  410.  It  was  then 
baked  for  1  hour  at  110*C  when  the  3  increased 
to  630,  Tn  Figure  11,  it  in  seen  that  #7  shows  a 
continuous  improvement  over  a  period  of  more  than 
1000  hours.  Sample  #8  romains  at  a  constant  value 
of  S  -  360  for  over  1000  hours.  The  value  of  S  near 
250  is  best  for  the  ft  sample  but  the  Stability  is 
beet  for  #8.  Apparently,  the  oxidation  due  to  the 
initial  bake  of  the  uncoated  #8  resulted  in  better 
stability  after  coating. 


HOUR* 

Figure  12.  Surface  Re combination  Velocity  S 
versus  Hours  Time  in  Boom  Air  for  Silicone 
Coated  N-type  Germanium. 


Figure  12  for  sample  1 W  shows  the  S  reduced 
frtm  1250  to  36O  by  an  etch  in  superoxol.  A  U-P 
wash  reduced  3  frcm  360  to  100.  An  electrolytic 
etch  (In  10!i  KCH)  raised  S  to  210.  Another  etch 
in  superoxol  reduced  S  to  140.  This  sample  was 
then  coated  with  a  silicone  resin  and  dried.  Over 
a  60  hour  period  S  changed  only  elightly(140, 
135,  15jL  On  baking,  S  increased  from  155  to 
315.  The  S  remained  constant  at  180  for  over 
1000  hours  after  the  bake.  "Ambient  cycling"  at 
1362  hours  showed  no  detrimental  effect  although 
ozone  shifted  the  surface  from  straig  n-type  to 
slightly  p-type. 


Figure  13.  Surface  Recombination  Velocity  3 
versus  Hours  Time  in  Room  Air  for  N-type 
Germanium  Treated  with  Tn-BT  and  XPR  Coated. 


The  data  of  Figures  3!  and  12  sucrest  that  a 
coating  of  silicone  resin  is  more  effective  than 
an  epoxy  coating  in  maintaining  surface  stability. 
This  is  not  necessarily  true  since  the  treatments 
to  which  the  samples  were  subjected  -were  not 
otherwise  identical. 

Sane  chemical  treatments  have  been  observed  to 
render  the  germanium  surface  insensitive  to  am¬ 
bient  conditions.  In  the  DOFL  laboratories, 

Dr.  M,  Schwarz  found8  tetra  n-butyl  titanate 
(Tn-BT)  to  restore  and  in  sane  cases  improve  the 
alpha  of  a  group  of  transistors.  Further  investi¬ 
gation  shows  a  strong  n-type  surface  of  low  S 
and  with  resistance  to  "ambient  cycling".  Fig¬ 
ure  13  shows  an  S  change  frcm  125  to  180  due  to 
"ambient  cycling"  although  the  surface  remained 
strongly  n-type  throughout.  Seme  email  change 
occurred  also  after  coating  and  developing  a 
photo-resist  (KPR)  layer  on  the  surface.  The  sur¬ 
face  remained  substantially  stable. 

Another  chemical  treatment  observed  to  Improve 
eurface  stability  involves  the  methylchloro- 
e Hanes. v  Observations  made  so  far  show  a  surface 
with  stable  S  and  considerable  resistance  to 
"ambient  cycling". 


General  Discussion 

In  the  study  of  semiconductor  surfaces  a  num¬ 
ber  of  general  observations  and  tentative  conclu¬ 
sions  have  been  made.  Seme  of  these  will  be  list¬ 
ed  here. 

Hany  of  the  germanium  etching  bathe  (for  exam¬ 
ple  the  superoxol  etch  bath)  leave  weak  n-type  or 
weak  p-type  surfaces  on  the  semiconductor.  These 
surfaces  are  easily  disturbed  by  slight  traces  of 
etr_y  contaminants.  Vapors  encountered  during  re¬ 
moval  from  the  bath,  the  rinsing,  the  drying  and 
the  roan  ambients  all  can  easily  change  such  sur¬ 
faces. 

A  semiconductor  surface  remaining  stable  for 
hundreds  of  hours  in  room  air  can  show  a  large 
change  due  to  a  few  seconds  exposure  to  nearly 
pure  oxygen,  a  small  percent  of  ozone,  a  high  rel¬ 
ative  humidity,  or  a  slight  amount  of  chemical  va¬ 
pors. 
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A  semiconductor  having  a  strong  n-type  surface 
on  an  n-type  bulk  material  if  "ambient  cycled"  to 
a  strong  p-type  surface  and  back  again  trill  usual¬ 
ly  show  a  net  increase  in  surface  recombination 
velocity  after  this  cycling. 

Strongly  n-type  or  strongly  p-type  surface a  both 
cu  show  low  surface  recombination  velocity  on  ei¬ 
ther  n-type  or  p-type  germanium  bulk  materiel)  but 
surface  conductivity  tends  to  be  high,  with  result¬ 
ing  surface  currents  or  channels. 

A  value  of  recombination  velocity  should,  be 
chosen  for  the  particular  device  with  the  lurfacs 
potential  held  stable  at  a  compromise  value  such 
'that  surface  conductivity  and  surft.ce  recombination 
velocity  are  not  too  high. 

A  slight  oxidation  of  the  semiconductor  surface, 
such  as  produced  by  a  low  temperature  bake  in  air, 
or  merely  ageing  in  air  of  50  percent  relative  hu¬ 
midity  plus  a  coating  such  as  photo-resist,  sili¬ 
cone  resin,  or  low  catalyst  epoxy,  improve  semi¬ 
conductor  surface  stability. 

Chemical  treatments  of  the  semiconductor  fur- 
faces.  forming  highly  etable  ooddea  or  silirv*ee 
directly  on  the  surface,  produce  stable  surfaces 
resistant  to  ambient  fluctuations. 

Conclusions 

A  combination  of  chemical  treatment  plus  coating 
shows  promise  for  producing  stable  microminia¬ 
turized  assemblies.  In  the  final  stages  of  fab¬ 
rication  the  semiconductor  device  should  be 
etched,  cleaned,  and  processed  to  produce  the 
desired  surface.  This  surface  should  be  made 
resistant  to  ambient  disturbance  so  that  sur¬ 
face  proportlos  do  not  change  over  the  period 
of  normal  life  expectance  and  in  any  of  the 
environments  to  which  it  nifjvt  bo  exposed. 

These  environments  include  assembly,  testing,  pot¬ 
ting  and  encapsulation  procedures  during  micro¬ 
electronic  circuit  fabrication  as  well  as  the  ap¬ 
plications  environment  of  the  equipment. 


The  progress  mads  to  date  gives  hope  that  the 
early  "mystic"  approach  to  the  complex  chemical 
properties  of  the  surface  are  yielding  to  im¬ 
proved  scientific  understanding. 
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EXPLOSIVE  TRAINS  FOR  MINIATURE  ELECTRIC  INITIATORS 


Paul  B.  Tweed 

Picatinny  Arsenal,  Dover,  New  Jersey 

The  use  of  standard  explosive  train  components  now  available  creates  a  minimum 
size  barrier  below  which  such  components  are  valueless.  In  order  to  reduce  the 
size  of  a  miniature  electric  initiator  explosive  train  to  a  level  where  it  would 
be  of  value  in  the  miniature  components  now  desired,  new  explosive  devices  are 
required.  These  devices  will  require  selective  sensitivity  to  be  capable  of  self¬ 
propagation  in  the  desirad  sizo  ranges  while  maintaining  safety,  and  have  enough 
output  to  successfully  transmit  the  detonation.  The  use  of  0.040-inch  outside 
diameter  low-energy  detonating  cord  together  with  miniaturized  detonators  now 
under  development  at  Picatinny  Arsenal  will  bo  a  major  break-through  in  this 
direction.  A  similar  developmsnt, "string  igniter1,'  promises  equal  miniaturization 
potential  for  propellant  ignition  grains. 


Ideally  the  fuze  designer  would  like  to 
eliminate  the  explosive  portion  of  his  fuze 
altogether.  Since  he  cannot  do  this  and 
initiate  the  main  explosive  charge  of  the  muni¬ 
tion,  the  next  best  thing  is  to  make  the  explo¬ 
sive  train  as  small  as  possible.  Until  quite 
recently,  it  was  believed  that  the  minimum 
diameter  for  propagation  of  tetryl,  RDX  and  PETN 
in  light  confinement  was  0.125,  0.100  and  0.050 
inch,  respectively.  Miniaturization  of  explo¬ 
sive  trains  was  considered  to  have  reached  a 
limiting  value.  Recently,  however,  there  have 
been  some  developments  that  are  changing  the 
picture.  I  will  discuss  some  of  these  briefly. 

The  most  important  break-through  in  this 
field  was  the  development  of  low-energy 
detonating  cord  (LEDC)'1'  by  the  Joint  efforts 
of  the  Ensign-Bickford  and  duPont  Companies. 

LEDC  consists  of  a  very  small  continuous 
column  of  explosive  in  a  metal  tube.  A  number 
of  different  explosives  have  been  found  satis¬ 
factory.  Core  load:  in  a  wide  range  can  be 
prepared.  The  metal  tube  can  be  reinforced  with 
plastic  or  textiles  to  resist  abuse.  ISDC 
can  be  used  for  a  noiseless  mainlina,  for 
bottom  initiation  of  cap  sensitive  powders,  for 
short  delays,  as  a  propellant  igniter,  for 
explosive  di8connects,  for  crimping  of  metals, 
for  de-icing  airplane  wings  and  for  conveying 
detonation  through  explosives  or  through 
mechanical  devices  with  little  or  no  shielding. 

It  has  be8n  made  in  production  in  loads  of  ,01 
grain  per  foot  and  experimentally  in  designs 
involving  a  million  feet  per  pound  of  explosive. 
The  rate  of  detonation,  if  PETN  is  used,  is 
about  6500  meters  per  second  and  the  value  is 
uniform  with  1!?. 

Although  LEDC  has  some  merit  as  a  propellant 
igniter,  a  variation  known  as  "string  igniter"''- 
is  much  Letter  for  this  purpose.  This  is  a 
small  diameter  continuous  metal  tubing  con¬ 
taining  a  detonating  ignition  core  composition. 

It  can  be  supplied  ir.  various  diameters  and  its 
ignition  characteristics  can  be  tailored  to  a 
specific  application.  It  can  be  supplied  having 
velocities  ranging  from  3000  to  65CC-  meters  per 
secopd,  depending  on  the  type  and  amount  of  core 
composition.  The  detonation  o"  the  explosive 
disperses  radially  hot  r.etal  particles  both  from 
the  core  and  from,  the  metal  Jacket  which  have 
excellent  ignition  properties.  While  LEDC 
requires  black  powder,  or  similar  material  to 
ignite  propellants,  "string  igniter"  can  ignite- 
certain  propellants  directly  when  slight  con¬ 


finement  is  provided. 

Initiation  for  both  LEDC  ar.d  "string  igniter" 
can  be  accomplished  by  low  energy  electric 
initiators.  The  weakest  duPont  low-onergy 
electric  end  primer  the  X-257D,  is  It"  long, 
.210"  diameter  and  contains  0.5  grain  lead  a2ide. 
The  smallest  diameter  duPont  LEDC  electric  cap'3) 
is  17/32"  long,  .190"  diameter  and  contains  2.0 
grains  lead  azide.  There  is  no  reason  why  .  . 
designs  of  this  kind  cannot  be  made  smaller'**  . 
Information  concerning  smaller  items  will  be 
presented  in  a  paper  entitled  "Development  of 
Miniature  Electric  Detonators".  Since  there 
undoubtedly  are  applications  where  LEDC  or 
"string  igniter"  could  be  used  if  its  initiator 
were  of  the  same  diameter,  it  appears  that 
diameter  of  initiator  is  the  bottleneck  in  the 
development  of  miniature  explosive  trains. 

The  most  commonly  used  explosive  in  initiators 
Is  dextrinated  lead  azide.  This  material  is 
required  to  change  the  weak  impulse  fror.)  the 
priming  charge  into  a  detonation  so  that  the  base 
charge  can  be  initiated.  There  are  now  available 
other  materials  which  are  more  efficient, 
especially  in  small  items,  than  dextrinated  lead 
azide.  Among  these  are  polyvinyl  alcohol  IPVA) 
lead  azide,  developed  by  the  Olin  Mathiesen 
Chemical  Co.,  RD-1333  lead  azide,  and  RD-1313 
lead  azids,  both  of  which  were  developed  in 
England .  To  show  the  greater  efficiency, 

F5  milligrams  of  dextrinated  lead  azide  is 
renuired  for  initiation  of  RDX  in  the  .128" 
inside  diameter  MA7  detonator,  while  25  milli¬ 
grams  of  RD-1333  does  an  equivalent  job.  This 
moans  that  detonators  can  be  made  shorter  to  do 
the  same  job.  The  smallest  standard  Ordnance 
Corps  detonator,  the  M55,  ha3  a  diameter  of 
,i..5"  and  a  length  of  .110".  This  represents 
what  can  be  done  in  stab-type  detonators  by  use 
of  PVA  lead  azide.  Electric  detonators,  which 
have  more  confinement  due  to  the  design  of  the 
detonator,  should  offer  even  greater  possibili¬ 
ties  in  reduction  in  length. 

Under  Contract  537' 5'  between  Diamond 
Ordnance  Fuze  Laboratories  and  the  American 
Cyanamide  Co.,  it  was  shown  that  tetryl,  RDX 
and  PETN,  when  mixed  with  zirconium  or  titanium, 
can  be  initiated  by  means  of  a  Bpark  gap  using 
1000  volts  and  less  than  10,000  ergs.  Work  of  a 
similar  nature  both  with  and  without  primary 
explosives  is  underway  at  Fort  Halstead,  Hiigland, 
under  the  Mutual  Wet, pons  Development  Program  and 
monitored  by  Picatinny  Arsenal.  There  is 
definite  evidence  that  insensitive  detonators 
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requiring  no  primary  explosive  can  be  developed 
and  this  may  lead  to  smaller  exolosivo  trains 
by  elimination  of  some  components  or  explosives 
as  well  as  elimination  of  out-of-line  devices. 

Work  at  Picatinny  Arsenal  during  recent 
years  has  shown  that  copper  chloretotrazole'®' 
can  be  initiated  by  stab  action  and  can  also 
act  as  a  base  charge.  Stab- type  detonators 
containing  this  material  are  being  studied  and 
if  the  preliminary  results  are  borne  out  in 
engineering-typo  tests,  a  smaller  detonator  for 
the  20mm  M505  fuze  may  become  available.  It  is 
entirely  possible  that  a  miniature  electric 
detonator  containing  an  electrosensitive 
explosive  in  combination  with  copper  chloro- 
tetrazole  can  also  be  developed. 

Another  Picatinny  study  has  involved  the  use 
of  sensitizers'' '  with  explosives,  which  could 
lead  to  reduction  in  the  number  of  explooive 
charges  in  an  item.  It  was  shown  that  95/5  PVA 
lead  azide/tetracene  loaded  in  M26  percussion 
primers  will  function  pronerly.  Although  such 
a  mixture  will  not  stand  up  under  adverse 
storage  conditions,  it  is  entiroly  possible 
that.  more  nt Able  "en"lti?-er"  can  be  found  and 
that  they  can  be  used  in  miniature  electric 
initiators  by  proper  choice  of  spot  charge. 

In  conclusion,  there  appear  to  he  numerous 
methods  of  reducing  the  number  uf  explosive 
charges  in  initiators  and  there  are  devices 
available  which  will  transmit  detonation  in 
very  small  diameters.  Combination"  of  th.""" 
devices  and  emphasis  on  development  of  Smaller 


initiators  should  certainly  lead  to  miniature 
and  even  microminiature  explosive  trains. 
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Anthony  P.  Vigliotta 

S.  S.  Naval  Training  Devise  Center,  Port  Washington,  New  York 

Extensive  and  eceplex  simulator  aystesis  have  been  developed  for  training  of  Araed 
forces  personnel  at  shorabased  schools  in  the  fields  of  fleet  Air  Defense  Weapon  Sys¬ 
tems  and  CIC  training.  With  the  advent  of  Shipboard  Guided  Missile  Weapon  Systems, 
a  new  concept  of  Installing  simulator  systems  aboard  Naval  vessels  has  been  imple¬ 
mented.  Due  to  the  orltloal  need  for  minimi*  weight,  else  and  power  requirements 
for  shipboard  installations,  extensive  redesign  and  new  techniques  have  been  inves¬ 
tigated  in  the  areas  of  transistorisation  and  micro-niniaturleatiee.  This  paper  will 
traoe  the  trend  in  transistorisation  and  assembly  miniaturisation  from  shorebased  to 
shipboard  weapon  system  trainers.  Circuit,  component  and  assambly  package  designs 
will  be  reviewed  in  detail. 


The  C.  fi.  Naval  Training  Devloe  Centar,  Of- 
fice  of  Naval  fe search,  conducts  research,  de¬ 
velopment  and  production  of  training  equipments 
in  the  fields  of  aeronautics,  armaments,  else- 
tronios,  optics,  graphics,  weapon  systems,  etc. 
This  paper  will  discuss  the  specific  area  of 
shorebased  and  shipboard  Guided  Missile  Weapon 
Systems  as  it  applies  to  the  Operational  fleet 
requirements. 

The  prime  function  of  a  Guided  Missile  Wea¬ 
pon  System  trainer  ia  to  develop  and  maintain 


proficiency  of  the  gunnery,  missile  and  CIC  teana 
lo  the  phases  of  tsrget  detection,  acquisition, 
tracking,  synthetic  firing  and  aaaeesDsnt  of  op¬ 
erator  and  system  performance.  A  typical  share- 
based  type  trainer,  overall  system  block  diagram 
ae  shown  in  figure  1,  generates  six  maneuverable 
air  targets  whioh  are  fed  simultaneously  to  air 
searoh  and  fire  control  radar  Simula tore,  lbs 
video  output  of  the  air  searoh  radar  simulator  Is 
fed  to  operational  PPI  and  Designation  Indicators. 
The  firs  Control  Radar  Simulator  outputs  in  turn 
are  fed  to  the  radar  equipments  of  two  different 
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type s  of  Firs  Control  Systran.  Operators  of  the 
designation  Indicators  obtain  simulated  video  tv- 
get  data  and  transmit  designated  Information  to 
the  Fire  Control  Directors  to  assist  the  Fire  Con¬ 
trol  radar  operators  to  aequlre  the  targets.  The 
Tire  Control  Radar  system  continuously  transits 
repeat  heck  data  to  tha  designation  Indicators  to 
Indicate  dlreotor  position  end  proceeds  to  aoqolie 
the  target  In  automatic  track.  Acquisition  and 
tracking  phases  are  completed  upon  the  "looking 
on"  of  the  target  and  transmission  of  target  po¬ 
sition  data  to  the  Gunnery  and  Missile  Ceoputere. 
The  synthetically  generated  problem  Is  continued 
to  the  point  of  synthetic  firing.  Assessment  of 
results  is  nade  by  ties  measurements  of  different 
phenes  of  problem  generation,  acquisition,  track¬ 
ing,  firing  and  target  kill  probability  determin¬ 
ation. 

The  equipment  as  described  In  Figure  1  consis¬ 
ted  of  4  major  consoles  with  a  total  weight  of 
approximately  3,000  pounds.  Table  I  la  a  chart 
which  sheers  the  relation  between  operational 
equipment  to  be  activated  and  oonsole  and  weight 
requirements  for  both  shorebased  and  shipboard 
trainer  systems. 


Booed  on  the  above  analysis  and  a  review  of 
relative  degree  of  design  complexity,  It  was  es¬ 
tablished  that  in  order  to  meet  the  shipboard  re- 
qulremsnts,  an  approximate  shrinkage  in  weight 
and  site  of  50%  would  be  required.  To  aeoanplish 
this  shrinkage,  It  wee  agreed  with  contractor^ 
personnel  that  the  following  areas  would  be  in¬ 
vestigated. 

a.  Transistorisation. 

b.  Conversion  from  60  cycle  power  to  400  cy¬ 
cle  power. 

e.  Hew  assembly  and  sub-assembly  design  con¬ 
cepts  , 

d.  Development  of  new  techniques. 

A  program  was  Instituted  for  the  oooplete  In¬ 
vestigation  of  the  simulator  design  to  achieve  a 
maxima  degree  of  circuit  transistorisation  and 
miniaturisation.  Functionally  o  radar  simulator 
system  consists  of  three  basic  sub-systems;  name  .ft 
Target  Motion  Oeneratlen,  Radar  Comparators  and 
Radar  Simulators.  The  detail  design  of  this  type 
simulator  Is  covered  in  the  following  paragraphs 
to  clarify  the  type  of  engineering  techniques  em¬ 
ployed  In  simulation  equipment,  and  Figure  2  lndl- 


SIMULATOR  EQUIPMENT 

OPERATIONAL  SHORE  BASED 

OPERATIONAL  SHIPBOARD 

AIR  8EARCH 

SIMPLE  BASIC  TYPE 

COMPLEX  DESIGN 

H E f 0 K T  FINDER 

NOT  REQUIRED 

COMPLEX  HEMISPHERICAL 
SEARCH  TYPE 

EIRE  CONTROL  OR 

MIS8ILE  GUIDANCE 

II 

OUNNERY  EIRE  CONTROL  TYPE 

COMPLEX  MISSILE 
ACQ-TRACK  SYSTEM 

FIRE  CONTROL  OR 

MISSILE  GUIDANCE 

1 2 

GUNNERY  EIRE  CONTROL  TYPE 

COMPLEX  MISSILE 

ACQ- TRACK  SYS  TEM 

PERFORMANCE  ASSESSMENT 

RECORDER  UNITS,  TIME 
SEQUENCE  EVALUATORS 

TIME  OE  PLIGHT  COMPUTER 
PROBABILITY  OE 

KILL  COMPUTER 

8CORINO  DEVICE 

NUMBER  OF  CONSOLE  8  AND 
WEIGHT  LIMITATIONS 

4  -  CONSOLES  -  NO. 
LIMITATION 

ACTUAL  WEIGHT  SOOCl 

3  •  CONSOLES 
>100  -  a;oo# 

COMPSRISON  or  SHIPBOARD  •  SHORE  ■  BASKS  SIMULATOR 


TABLE  I 
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cates  the  type  olreult  assemblies  involved  in  the 
transistorisation  and  miniaturisation  program. 


typical  cmctnr  packaqf 

Figure  2 

The  function  of  a  target  generator  le  to  gen¬ 
erate  synthetically  the  action  of  a  nosing  target 
euoh  as  an  airoraft,  submarine  or  surface  craft. 
Figure  3  is  a  flow  diagram  of  the  funatlone  in¬ 
volved  in  a  typioal  target  generator  unit. 


Target  course  le  manually  set  by  mease  of  a 
controllable  input.  For  course  changes,  a  rate 
of  turn  unit  utilising  a  machasleal  integrator 
le  provided.  The  output  from  the  aeehanleal  in¬ 
tegrator  together  with  the  target  course  output 
produces  target  angle  shaft  data.  This  output  ia 
o on pared  with  true  target  wearing  through  a  dif¬ 
ferential  to  the  shaft  of  the  hearing  reeolver. 

The  insertion  of  target  speed  to  the  bearing  re¬ 
solver  will  provide  an  output  of  horizontal  da- 
flection  rets.  This  quantity  multiplied  by  i/R 
potentiometer  will  produce  horizontal  bearing 
rate.  To  compute  the  true  target  bearing  rate, 
horizontal  bearing  rate  must  be  multiplied  by  the 
secant  of  the  elevation  angle.  This  Is  acoo- 
pllshed  by  feeding  horizontal  bearing  rate  into 
as  inverse  function  amplifier,  whose  feedback  is 
derived  from  a  cosine  potentiometer  driven  by  the 
target  elevation  servo.  The  output  of  the  inverse 
funotlon  amplifier  le  then  fed  into  the  true  tar¬ 
get  bearing  integrator  servo  amplifier. 

The  integrator  servo  amplifier  le  often  called 
a  rate  servo  amplifier.  In  this  type  of  servo, 
the  rate  of  rotation  of  the  Integrator  motor  shaft 
is  made  proportional  to  the  Input  voltage. 

The  quantity  of  horizontal  range  rate  also  ob¬ 
tained  from  the  hearing  reeolver  le  fed  into  a 
booster  amplifier  whose  output  drives  one  stator 
of  the  elevation  resolver.  The  other  stator  of 
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TARGET  POSITION  GENERATION  CIRCUIT 
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this  resolver  Is  fed  from  a  voltage  derived  from 
the  target  rate  of  olinb  and  drive  control  poten- 
t loan  ter ,  The  snaft  of  this  resolver  is  driven 
V  target  elevation  angle  which  can  also  be  a  jsb> 
taal  input.  The  resultant  outputs  of  this  resolir 
will  be  slant  range  rate  and  elevation  deflection 
rate. 

The  elevation  deflection  rate  is  multiplied  by 
the  l/R  function  and  results  in  angular  ale ration 
rate.  This  quantity  is  than  fed  to  tbs  true  tar¬ 
get  integrating  servo  amplifier  whose  output  shA 
is  truo  target  elevation  angle. 

The  output  of  slant  range  rate  is  fed  to  the 
range  integrating  servo  amplifier  whose  output 
shaft  is  target  range. 

Thus  we  aee  that  the  prime  function  of  the 
target  generation  system  le  to  provide  input  ca¬ 
pabilities  of  bearing,  rate  of  turn,  oourse,  speed 
and  elevation  and  outputs  of  target  range,  bear¬ 
ing  and  elevation.  The  next  phase  to  review  is 
the  comparator  assemblies.  The  prime  function  of 
the  comparator  units  is  to  match  position  data  of 
the  synthetic  target  In  space  with  the  positional 
data  of  the  radar  antenna  and  theoretical  radar 
beam  nharanterietics  end  present  signals  to  the 
operational  radar  indicators  when  they  normally 
would  display  target  information. 


The  fvmotion  of  the  bearing  error  comparator, 
Figure  4,  is  to  compare  the  shaft  rotation  of  the 
true  target  bearing  obtained  from  the  target  gen¬ 
erator  unit  to  the  shaft  of  the  radar  director 
bearing,  through  a  mechanical  differential.  The 
output  shaft  of  the  differential  is  coupled  to  a 
three  Motion  bearing  comparator  potentiometer 
whioh  provides  target  bearing  error  eleetrioal 
signals. 

The  elevation  error  comparator  unit  compares 
the  shaft  rotation  of  the  true  target  elevation 
(target  generator  unit)  to  the  shaft  rotation  of 
the  director  elevation  through  a  mechanical  dif¬ 
ferential.  The  output  shaft  of  the  differential 
la  ooupled  to  a  three  seotien  elevation  compara¬ 
tor  potesticeocter  which  provides  target  elevation 
eleetrioal  signals.  In  addition  the  video  gates 
as  shown  are  utilized  for  adjustment  of  beam 
width  eharacterlstlcs  of  radar  equipment.  The  er¬ 
ror  signal  voltages  and  video  damp  (beam  charac¬ 
teristic)  units  ere  then  fed  to  the  radar  simula¬ 
tor  units  where  they  are  converted  from  voltage 
eignals  to  appropriate  IT  and  video  for  display 
on  appropriate  indicator  units. 

The  bearing  and  elevation  voltages  and  gatee 
and  target  range  obtained  from  tbs  target  posi¬ 
tion  generation  and  comparator  assemblies  are  fed 
to  the  radar  simulator  assembly  as  shown  in  Fig.  & 


BEARING  t 


ELEVATION  COMPARATOR  CIRCUITS 


figure  4 
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RADAR  SIMULATOR  DIAGRAM 


Figure  5 


Target  range  D.C.  voltage  la  fed  to  the  ptianas- 
tron  eirouit  vhleh  Is  used  aa  a  aquare  wave  gen¬ 
erator.  The  master  trigger  la  utilized  to  Initi¬ 
ate  the  phanaatron  olroult  and  the  level  of  D.C. 
range  voltage  determines  cut  off  tin*.  The  re¬ 
sult  la  a  positive  aquare  wave  pulse,  whose  width 
la  dependent  on  the  range  voltage.  The  aquare 
wave  la  differentiated  to  obtain  the  video  at  the 
oorreot  range  or  time  displacement  from  the  uaater 
trigger.  The  raw  video  pulse  la  fed  to  the  mixer 
stage  where  all  targets  are  mixed.  Blooking  os¬ 
cillator  olroulta  are  utilized  to  sharpen  pulse 
shapes.  The  raw  targets  from  the  mixer  unit  are 
then  fed  to  the  range  attenuator  vhleh  deoreasss 
signal  amplitude  with  range  bo  as  to  present  ty¬ 
pical  operational  characteristics.  Additional 
features  provided  to  add  realism  to  ths  presenta¬ 
tion  are  nolee  and  eea  return.  The  output  video 
Is  then  presented  to  operational  indicators. 

Summarizing  tha  characteristics  of  the  overall 
Radar  Simulator  systems  Just  reviewed  establishes 
that  tha  following  assemblies  and  circuits  are 
capable  of  transistorization  and  miniaturization i 

1.  Target  Motion  generators  -  Servo,  booster, 
lnv*rsa  function,  isolation,  unit  gain  amplifiers, 
aleotro  mechanical  assemblies,  motors  and  power 
supplies. 

2.  Rada^  Ccmpsrators  -  Same  a a  target  motion 
generators. 


3.  Radar  Simulators  -  Electronic  circuits 
suoh  as  phanaatron,  differentiator a,  sweep, 
blooking  osolllators,  noise  and  sea  return  gen¬ 
erators,  multivibrators,  etc. 

Figures  6-8  are  photographs  of  type  construe- 
tlon  design  utilized  prior  to  transistorization. 
Tha  units  utilized  miniature  tubes,  60  cycle  po¬ 
wer  source  and  £  300  V,  D.C.  regulated  power  units 
as  shown  In  Figure c  3  and  1C.  Wmsr.sions  ar»  as 
shown  in  ths  above  figures  and  weight  varied  from 
2  pounds  to  Ji  pounds  dependent  upon  size.  Ox 
transistorization  of  these  units,  molded  oard 
type  and  tube  type  assemblies  were  utilized  as 
shown  in  Figures  11  and  12.  Tha  size  of  the 
units  are  as  shown  in  the  above  figures  and  vetyit 
is  approximately  6  to  8  ounoes.  As  a  majority  of 
the  elrouits  described  In  Figures  3-5  were  tran¬ 
sistorized,  extensive  decreasing  In  weight  and 
size  was  realized.  In  the  shipboard  type  trainer, 
the  tubular  type  transistorised  assemblies  are 
used  extensively  as  compared  to  tbs  molded  card 
type.  The  advantages  lie  in  greater  maintainabil¬ 
ity  and  replacement.  The  disadvantages  are  lar¬ 
ger  size  and  weight.  Sinee  tha  units  have  to  be 
capable  of  replacement.  It  was  agreed  that  the 
use  of  the  tubular  transistorised  type  Is  pre¬ 
ferred.  When  one  considers  that  approximately 
50  -  60  of  thase  type  olrcuits  are  utilized,  the 
size  Is  quite  appreciable.  In  addition,  the  con¬ 
sole  and  chassis  assembly  are  decreased  in  size. 
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TARffiT  MIXER  ASSEMBLY  -  TOP  VIEW 
Figaro  6 


TAROET  MEBR  ASSEMBLY  -  OPEN  SIDE  VIEW 
Figure  7 


I 


£00  V  DC  PCWER  SUPPLY  -  TOP  VIEW 
Figure  9 


£00  V  DC  POWER  SUPPLY  -  OPEN  SIDE  VIEW 
Figure  10 


RADAR  SIMUUTOR  CHA3SI3 
Figure  8 


SIDE  VIEW  OF  TRANSISTORIZED  ASSEMBLIES 
Figure  11 
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TRANS  IST0RI7KD  ASSEMBLIES  -  CASS  REMOVED 
Figaro  12 

Another  obvious  shrinkage  was  detained  in  con¬ 
verting  the  system  from  a  60  oyole  paver  system 
to  a  400  cycle  system.  The  major  weight  saving 
uas  in  transformers,  filters  and  motor  assemblies. 
Figure  13  shows  a  oaaparlaoo  of  a  60  cycle  and  a 
400  eyole  servo  motor.  The  weight  an'  else  strink- 
age  ratio  was  approximately  4:1. 


COMPARISON  OF  400  CYCLE  &  60  CYCLE  COMPONENTS 
Figure  13 

Another  area  of  miniaturisation  was  the  care¬ 
ful  investigation  of  design  techniques  utilised 
and  possible  use  of  other  techniques.  Figure  14 
shows  the  electro-mechanical  assembly  which  is 
utilised  as  the  bearing  gate  simulator  described 
in  Figure  4.  After  careful  study,  a  da sign  tech¬ 
nique  utilising  target  input  to  the  rotor  of  a 
control  transformer  ard  antenna  position  data  fed 
io  the  stator  leads  developed.  The  error  sig¬ 
nal  was  fed  to  a  D.C.  level  comparator  circuit  as 


shown  in  Figure  15.  Bearing  width  ie  readily 
adjustable  by  ohanglng  the  D.C,  level.  The 
weight  and  shrinkage  ratio  gained  was  approxi¬ 
mately  10:1. 


BEAR  INC  CATE  COMPARATOR  CIRCUIT  -  MECHANICAL 
Figure  14 


BEAR  INQ  GATE  COMPARATOR  CIRCUIT  -  ELECTRONIC 
Figure  15 

Another  typical  example  of  cirouit  redesign 
was  the  replacement  of  CRT  tubes  end  associated 
circuits  utilised  for  simulation  of  complex  con¬ 
ical  and  spiral  scan  simulation  of  fire  control 
simulators  with  ring  modulators.  Figure  16  shows 
a  4  target  conical  spiral  simulator  chassis  util¬ 
ising  CRT  as  oompared  to  Figure  17  which  is  a  els 
target  chassis  utilising  ring  modulators.  Cite 
and  shrinkage  accomplished  was  approximately  3:1. 

Another  extensive  saving  in  weight  and  site  ie 
realised  in  power  supply  unite  utilised  with  tran¬ 
sistors.  Regulated  power  supply  units  ap  shown  in 
Figure  9  were  decreased  in  voltage  and  current 
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requlremsBte .  Power  supply  shrinkage  ratio 
varied  free  5:1  to  a>  high  ae  lOil.  A  eeoplete 
analysis  of  tio  simulator  system  stowed  that  ap¬ 
proximately  80  -  851  of  the  olroults  Involved  In 
this  typo  design  are  capable  of  transistorisation. 


In  smsary  it  can  be  stated  that  shrinkage  of 
50 t  was  accomplished  V  use  of  the  following  rules 
wbloh  were  disoussed  previously,  namely  as  follows: 

a.  Complete  analysis  of  eirouit  design.  Tran¬ 
sistorise  only  when  warranted  and  conforms  with 
good  design  practices.  In  some  specific  cases  It 
wss  fourri  that  conventional  miniature  tubes  were 
better  suited  and  provide  tbs  most  efficient  de¬ 
sign. 

b.  Tee  400  cycle  supply  In  lieu  of  60  eyole 
whenever  possible. 

0.  Investigate  alternate  design  techniques 
when  possible  and  warranted.  It  must  be  realised, 
gentlemun,  that  transistorisation  and  miniaturisa¬ 
tion  are  not  the  panacea  for  all  design  problems. 
Its  application  la  usually  expensive  and  time  con¬ 
suming.  However  when  the  ultimate  requirement  is 
a  meximtra  shrinkage  of  else  and  weight,  theae  fac¬ 
tors  can  be  realised  using  the  above  analytical 
approach  without  the  sacrificing  of  good  dnnlgn 
practices  and  equipment  reliability  and  maintain¬ 
ability. 


CRT  TYPE  CONICAl  SPIRAL  SIMULATOR 
figure  16 


fiWC  MODULATOR  TYPE  COMICAL  SPIRAL  SIMUIATCR 
figure  17 


1  Beloek  Instrument  Corporation,  College  Point, 

Is  prime  contractor  cf  shore based  and  shipboard 
simulators. 
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ABSTRACT i  Miniature  miorowave  magnetrons  developed  under  Signal  Corps  sponsorship 
are  described.  These  tubes  are  capable  of  operating  under  oonditior.B  of  extreme  shook, 
vibration,  and  constant  acceleration.  Mechanical  and  eleotrical  operating  character¬ 
istics  are  given)  limitations  in  the  use  of  these  miniature  magpietrona  and  operating 
restrictions  on  equipments  utilizing  the  tubes  are  discussed .  Finally,  the  outlook 
for  the  future  in  the  field  of  ruggedized  miniature  microwave  magnetrons  is  presented. 


Introduction 

For  many  years  the  magnetron  has  been  reoog- 
nized  as  a  highly  efficient  generator  of  micro¬ 
wave  energy.  In  the  past  the  majority  of  tube 
uses  have  required  the  relatively  high  output 
powers  produced  by  the  magnetron.  Recently,  with 
the  advent  of  complex  eleot.ronio  airborne  systems 
such  ae  radar  beaoons,  the  magnetron,  because  of 
its  structural  simplicity  and  high  effioier.cy, 
haa  gained  additional  importance .  In  this  paper 
I  shall  describe  several  magnetrons  whioli  were 
designed  for  applications  requiring  tubes  of  min- 
Isi)*!  else  and  weight,  maximum  efficiency,  and  ex¬ 
tremely  rugged  construction.  The  tubes  discussed 
were  developed  under  Signal  Cor pa  sponsorship, 
and  are  presently  being  used  in  a  number  of  ex¬ 
perimental  systems. 

Description 

Miniature  magnetrons,  like  standard-size  mag¬ 
netrons,  can  be  divided  into  two  types,  the 
pulsed  ar.d  the  cw.  At  present,  because  most  sys¬ 
tems  use  the  pulsed  magnetron,  many  more  tubes  of 
this  type  have  been  developed. 

Pulsed  Magnetrons 

The  general  configuration  of  a  pulsed  magne¬ 
tron  can  he  seen  in  Figure  1.  A  tube  of  this 
type  generally  has  a  oylindrioal  geometry  with  no 
ra-Usl  protrusions,  thus  making  it  ideally  suit¬ 
able  for  use  with  oylindrioal  modules. 

The  puleed  magnetrons  to  he  described  are  the 
RL-211  and  the  BL-212,  manufactured  by  Bomr.c 
Laboratories,  and  the  UC-362A  and  the  "JK— 530, 
manufactured  by  the  Raytheon  Manufacturing  Com¬ 
pany. 

The  3L-211  and  BL-212  magnetrons  are  uleotrio- 
ally  end  Mechanically  similar,  both  tubes  having 
the  saiae  external  configuration  and  the  some  size 
and  weight.  The  essential  difference  between  the 
two  is  one  of  fabrication  technique.  Closer  con¬ 
trols  during  produotion  of  the  TIL-211  and  slightly 
different  assembly  procedure 3  allow  this  tube  to 
withstand  more  severe  environmental  conditions 
than  the  3L-212. 

The  qi',-362  and  ii'.-530  tubes  are  similar  elec¬ 
trically,  but  differ  mechanically.  Rc-jidee  being 
slightly  larger  and  heavier  than  the  Jd-362 ,  t.he 
QL -3 JO  employs  a  more  rugged  tuner,  which  assures 
operation  at  a  relatively  constant  frequency 
under  extreme  environmental  ooniltions. 


Fig.  1.  General  Configuration  of 
Pul  sou  Miniature  Magnetrons 


Toe  most  s'gni  ’leant  chaivicterintioa  of  these 
tubes  art  shown  in  the  following  table i 


TABLE  I 

Significant  Characteristics  of 
ruined  Beacon  Magnetrons 


Characturistic 

a>362.-. 

JT-530 

3L-211 

3L-212 

Frequency 

0:o) 

:jco- 

950C 

O’.OC- 

952c 

340C- 

590C 

54CC- 

5500 

!  i; iower 
Output 

60 

60 

IOC 

100 

life 

(Hrs-Min.) 

23c 

25C 

250 

250 

/eight 

(Oz-Approx.) 

4 

c 

6 

6 

Size  (In.) 
Length 

Diameter 

2.00 

1.25 

2c  3C 

1-5 

5.25 

1-5 

3.25 

1.25 
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Pulsed  beacon  magnetrons  operate,  In  general,  at 
a  peak  voltage  of  frou  1.2  to  1.5  kilovolts  with 
pulse  durations  of  0,25  to  1.0  microseconds  at 
repetition  rates  ranging  from  100  to  4000  pulses 
per  second. 

Tha  3L-211  and  the  251—530  tubes  oon  he  consi¬ 
dered  companion  tubes,  since  they  are  both  de¬ 
signed  to  operate  in  the  earn;  types  of  equipment. 
The  major  differences  between  the  two  are  their 
physical  construction  and  frequency  coverage. 

The  tubes  are  shown  in  Figures  2  and  3- 


Fig.  2.  BI.-211  Miniature  Deacon  Magnetron 


Fig.  3.  51-530  Miniature  Deacon  t-'.gnetron 

Both  tubes  have  been  evaluated  thoroughly  by 
engineers  at  the  Army  lignal  Research  and  Develop¬ 
ment  Laboratory  at  Fort  Monmouth,  and  are  oapablo 
of  operating  under  conditions  of  extreme  shock, 
vibration,  and  constant  acceleration. 

One  test  used  to  evaluate  the  ability  of  these 
magnetrons  to  withstand  extreme  shocks  was  the 
following:  The  tubes  were  placed  ii:  a  cylindrical 
package  within  nr.  artillery  3fcell,  end  the  shell 
fired  vertically.  The  tubes  successfully  with¬ 
stood  accelerations  between  12,000  end  13,000  g. 


The  tubes  have  also  survived  centrifuge  teats 
where  the  applied  acceleration  was  in  the  order 
of  20,000  g,  and  have  operated  satisfactorily 
when  subjected  to  vibrations  at  a  30 -g  level  from 
50  to  2000  oyoles  per  second.  Ir.  addition,  they 
also  passed  all  teste  simulating  the  environmental 
conditions  to  which  they  will  be  subjected  when 
in  actual  use. 

Lake  the  BL-211  and  the  $-530,  the  BL-212  and 
the  qj<-36?A  can  also  be  considered  oompanion  tubes 
with  the  same  differenoee  (physical  construction 
and  frequency  coverage).  These  tubes  have  also 
been  thoroughly  evaluated  at  U3A5RDL,  and  are 
capable  of  performing  satisfactorily  when  nub- 
jectod  to  vibrations  of  from  55  to  2000  cycles 
per  second  at  a  constant  acceleration  of  12  g. 

Vhen  oentrifuged,  the  tubes  are  oapable  of  with¬ 
standing  ion  g  i-  a  plane  parallel  to  the  axis  of 
the  tube. 

CW  Magnetrons 

In  general,  ow  magnetrons  are  not  voltage  tuna¬ 
ble;  that  is,  the  output  frequenoy  is  essentially 
independent  of  the  cathode-to-anode  voltage*  How¬ 
ever,  in  this  paper  we  shall  doucribs  a  unique 
tube,  the  25295  voltage-tunable  magnetron,  devel¬ 
oped  by  the  General  Mluctrio  Company.  The  lube 
utilizes  an  all-ceramic  and  metal  sandwich,  allow¬ 
ing  operation  in  temperatures  of  200°C  without 
cooling.  (The  tube  could  probably  withstand  much 
higher  temperatures.)  The  ceramic  sandwich  con¬ 
struction  provides  a  very  rugged  tube.  Unfortun¬ 
ately,  the  environmental  capabilities  of  this 
tube  have  not  yet  been  thoroughly  ova'Juated,  al¬ 
though  the  standard  tube  vibration  tests  have  boon 
nade  with  satisfactory  results.  The  tube  and  an 
experimental  paokage  are  shown  in  Figure  4. 


Fig.  4.  Z5299  Voltage-Tunable  Magnetron 

and  Mxferimentel  5203  Package 

Unlike  the  pulsed  magnetrons  previously  dis¬ 
cussed,  the  voltage-tunable  magnetron  does  not 
contain  the  microwave  circuit  and  magnet,  but  in¬ 
stead  utilizes  a  microwave  circuit  which  is  ex¬ 
ternal  to  the  vacuum  envelope.  The  method  cf 
operation  and  the  »--ppi  icuticn  deteri.iine  ti ai  '.e 
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of  the  microwave  circuit.  In  some  applications 
the  total  package  size  could  probably  be  reduced 
to  that  of  a  baseball. 

Significant  characteristics  of  the  Z5283  volt¬ 
age-tunable  package  are  given  in  the  following 
table: 

TABLE  II 

Significant  Characteristics  of 
35283  Voltage-Tunable  Magnetron  Package 


Frequency 

Peak  Power  Output 

Life 

Weight 

Size 

Length 

Height 

Depth 

Diameter* 

♦Tube  Only 


2200-3850  mo 

1  V  (Min.) 

250  Hrs  (Min.) 

5  Lbs  (Approx.) 
0.3  Oz.* 

5  In. 

0.66  In.* 

4  In. 

3.50  In. 

0.71  In. 


From  the  data  in  the  above  table  it  can  be  seen 
that  the  output  frequency  is  a  function  of  the 
applied  cathode- to -anode  voltage;  in  fact,  the 
frequency  actually  approximates  a  linear  function 
of  the  applied  voltage.  In  applications  requiring 
a  frequency-modulated  microwave  source,  the 
voltage-tunable  magnetron  can  he  used  to  great 
advantage. 


Operating  Limitations 

There  are  certain  restrictions  in  the  arnaner 
in  which  miniature  microwave  magn<  tror.u  iu".y  be 

used. 

In  order  to  avoid  operating  instabilities,  tn« 


v 

j 

load  to  which  a  miniature 
should  be  ds  well  mutchod 
not  exceed  a  VSWH  of  1.5'*j'^j©' 
isolator  should  be  used  ^  , 

Because  the  shape  of 
to  the  miniature  pulsed 
critical,  the  rise  time  of  -1 
very  much  the  same  as  that  *3 
netrons  (approximately  0.17  ^ 
top  portion  of  the  pulse  J 
possible.  While  this  requi*  | 
larger  magnetrons,  it  is 
miniature  tubes  since  the  cat™ 
their  small  size,  must  opera^f, 
ture-limited  emission  region  '7 
cant  advantage  of  the  miniat1^ 
pulsed  voltage  can  be  applie^^ 
impossible  in  standard  magn^  1  t 
higher  operating  volt<ages.  ,  ,1 

In  standard  magnetron  typV( 
ble,  and  in  fact  necessary,  "j 
voltage  during  operation  raid 
bombardment  to  supply  the  jxW  4 
ode.  However,  we  c;mnot  rely  .J 
in  miniature  tubes  because  of  j 
and  because  of  the  variation  i” 
rates  during  operation.  , 


Since  the  mass  of  the  pemn-^ 
devices  is  relatively  small,  *e 
easily  reduced  to  the  point  w> 
to  operate  the  tube.  Theref0' 
that  all  magnetic  materials  \>0 > 
possible  from  the  tube  while  i  “ 
or  operated. 

Future  Trendy 

It  is  foreseen  that  with 
efficient  magnet  end  cathode 
ceramics,  great  strides  will 
of  miniature  microwave  nagne* . . 
that  magnetrons  of  this  type  w . 
with  higher  frequencies,  outR“ 
ciency.  Improved  construct*®^ _ 
under  study  will  also  make  P®'’  J 
rugged"  magnetron. 
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